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INTRODUCTORY SESSION

Brno — City of Gregor Mendel'

O. Chloupek

Mendel University of Agriculture and Forestry,
613 00 Brno, Czech Republic

Most of the world’s inhabitants hear the name of our town only in lectures from biology
in connection with Gregor Mendel — the founder of genetics.

1. Mendel’s Life and His Motives for Genetics

Johann Mendel was born 1822 in a farmer’s family in the small village of Hyn¢&ice' about
120 km to the north of Brno®. Priest in his birth village introduced him into gardening’. Johann
studied grammar school, “Gymnasium”, in Opava; this school was headed by a member of the
Augustinian community in Brno.

Mendel described his life in Opava in his curriculum vitae (Mendel 1850): “Owing to
several successive disasters, his parents were completely unable to meet the expenses
necessary to continue his studies, and it therefore happened that the respectfully undersigned,
then only sixteen years old, was in the sad position of having to provide for himself entirely.
For this reason he attended the course for School Candidates and Private Teachers.... When
he graduated from the Gymnasium in the year 1840, his first care was to secure for himself the
necessary means for the continuation of his studies. Because of this, he made repeated attempts
in Olomouc to offer his services as a private tutor, but all his efforts remained unsuccessful
because of a lack of friends and references. ...Having finished his philosophical studies, he felt
himself compelled to enter a station in life that would free him from the bitter struggle of
existence. His circumstances decided his vocational choice. He requested and received in the
vear 1843 admission to the Augustinian monastery of St Thomas in Brno”, where he took the
name Gregor.

The monastery was founded in 1350 by the brother of the Emperor Charles IV who in
1348 founded the Prague University, the first in Central Europe. The monastery received by the
Emperor the famous painting Black Madonna®. About two hundred years ago the monks were
forced to move to the dissolved Cistercian nunnery’ in Old Brno with large gardens.

As a novice Mendel was entrusted to the care of a member of the Agricultural Society in
Brno. This kind of education was a custom since the order owned a lot of agricultural grounds.
Mendel, as a student of theology, studied theology, philosophy and agricultural sciences. In
1847 Mendel was ordained a priest’. Soon Mendel began his University study in Vienna. His
professor of physics published a textbook Combinatorial analysis, in which he stressed the
importance of mathematical generalization of experimental results. Professor of physics
Doppler explained the general principle of science: complicated phenomena should be
explained by means of their elements.

! Picture: Village Vrazné

? Picture: Birth-house of Gregor Mendel, today his museum

? Picture: The church in Vrazné

* Picture: The famous painting of the Black Madonna

> Picture: The Augustinian monastery, prelate quarters

6 Picture: The cistercian church of Virgin Mary, “basilica minor”
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Modern type of secondary education, Realschule, was opened in 1851. Mendel became a
teacher of physics and natural history there. A new building was opened in Janska - street. The
staff of the Technical Institute and the teachers of the Realschule founded the Natural Science
Society in Brno in 1862, where Mendel presented his experiments with pea hybrids’ three years
later.

2. Discovery and Rediscovery of Mendel’s Laws of Genetics

On February and March 1865 Gregor Mendel lectured in the Natural Science Society
Brno on his Experiments with plant hybrids (Versuche iiber Pflanzen-Hybriden)®. The
motivation for the experiments was breeding, in particular breeding of flowers’.

Mendel selected the pea since the species had clear distinguished characters, was easy to
castrate, pollinate and to protect against cross-pollination, no problems with fertility occurred
in a progeny, was easy to grow and had a short vegetation period'®. He grew in each of the 10
experimental years about 4-5 thousand plants of peas in the monastery garden. Constancy of
parental varieties was proved in the first two years and their hybrids were evaluated in the eight
years later.

Mendel first summarized'' in his lectures the experience of those who bred new plant
varieties to obtain new colours'?. In his second sentence he recalled “the striking regularity
with which the same hybrid forms always reappeared whenever fertilisation between the same
species took place””. He also pointed to the significance of research for the developmental
history of organic forms, including the enigma of generation, heredity, and fertilisation'*.

To study the change of two different characters in the progeny and to find out the law for
the occurrence of the characters in the progeny was the aim of the experiment'. But some
characters were not suitable since it was difficult to distinguish them; it was only possible to
evaluate them ,,more or less*!S.

Only one of the seven alternative hybrid characters occurred in progeny of the crosses'’.
The characters which whole or nearly without change pass over into hybrids were named

7 Picture: The building of the former Realschule

¥ Kiinstliche Befruchtungen, welche an Zierpflanzen vorgenommen wurden, um neue Farbenvarianten zu erzielen,
waren die Veranlassung zu den Versuchen, die hier besprochen werden sollen.

? Picture: The experimental garden with the museum Mendelianum situated in the monastery

' Eine besondere Aufmerksamkeit wurde gleich Anfangs den Leguminosen wegen ihres eigenthiimlichen
Bliitenbaues zugewendet. Versuche, welche mit mehreren Gliedern dieser Familie angestellt wurden, fiihrten zu
dem Resultate, dass das Genus Pisum den gestellten Anforderungen hinreichend entspreche. Einige ganz
selbstindige Formen aus diesem Geschlechte besitzen constante, leicht und sicher zu unterscheidende Merkmale,
und geben bei gegenseitiger Kreuzung in ihren Hybriden vollkommen fruchtbare Nachkommen.

" Picture: The first page of the famous manuscript

12 Kiinstliche Befruchtungen, welche an Zierpflanzen deshalb vorgenommen wurden, um neue Farbvarianten zu
erzielen, waren die veranlassung zu den Versuchen, die hier besprochen werden sollen.

" Die auffalende Regelmdssigkeit, mit welcher dieselben Hybridformen immer wiederkehrten, so oft die
Befruchtung zwischen gleichen Arten geschah, gab die Anregung zu weiteren Experimenten, deren Aufgabe es
war, die Entwicklung der Hybriden in ihren Nachkommen zu verfolgen.

'* Es gehort allerdings einiger Muth dazu, sich einer so weit reichenden Arbeit zu unterziehen; indessen scheint es
der einzig richtige Weg zu sein, auf dem endlich die Losung einer Frage erreicht werden kann, welche fiir die
Entwicklungsgeschichte der organischen Formen von nicht zu unterschdtzender Bedeutung ist.

"% Diese Verdnderungen fiir je zwei differirende Merkmale zu beobachten und das Gesetz zu ermitteln, nach
welchem dieselben in den aufeinander folgenden Generationen eintreten, war die Aufgabe des Versuches.

' Ein Theil der ... Merkmale ldsst jedoch eine sichere und scharfe Trennung nicht zu, indem der Unterschied auf
einem oft schwierig zu bestimenden ,,mehr oder weniger‘* beruht.

"7 Jedes von den 7 Hybridenmerkmalen gleicht dem einen der beiden Stamm-Merkmale .... Dieser Umstand ist
von grosser Wichtigkeit ...
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,,dominant* and the characters which were latent ,,recessive“lg. It was found that it is no matter

if the dominant character belonged to the seed or to the pollen plant'.

Even if Mendel formulated his findings clearly, his expressions were modest. He stated
for example that his experiments need more evidence, since only one observer can omit some
differences that could be later important”’. On contrary he stated clearly that uniformity of
developmental plans of organic life is undisputed®’. He described also back-cross for
development of constant forms, even if it depends on the number of experimental plants and on
the number of characters which were unified through pollination®.

Gregor Mendel was elected 1868 for the Abbot of the monastery®. He supported then
not only his home village, but also three sons of his sister, and was active in the public.
However, only in 1883 he became ill and died on January 6, 1884**. The funeral requiem for
him was conducted by Leo$ Janacek, who was educated in the monastery, later famous
composer. Mendel is buried in the central cemetery of Brno™. Mendel’s statue was established
in 1910 in the former monastic square and later transferred to his experimental garden?®.
According to Czech law from 1994 was the Agricultural University in Brno, founded 1919,
renamed to Mendel University of Agriculture and Forestry”'.

The impact of the research was not understood by contemporary science. A “layman”
from a province could not expect an understanding of scientific world. Only when
chromosomes were microscopically observed, before the end of the 19" century, it was found
that the behaviour of characters in progeny of crossing, statistically described by Mendel, was
relevant to the behaviour of chromosomes in dividing cells. The impact of Mendel’s work was
appreciated at the same time by three scientists who published in 1900 their own results
supporting them. It was Hugo de Vries, Carl Correns and Erich Tschermak von Seysenegg.

' In der weiteren Besprechung werden jede Merkmale, welche ganz oder fast unverindert in die Hybride-
Verbindung iibergehen ... als dominierende und jene, welche in der Verbindung latent werden, als recessive
bezeichnet.
¥ Es wurde ferner durch simtliche Versuche erwiesen, dass es vollig gleichgiiltig ist, ob das dominirende
Merkmal der Samen- oder Pollenpflanze angehort.
? Die Geltung der fiir Pisum aufgestellten Sdtze bedarf allerdings selbst noch der Bestitigung, und es wdre
deshalb eine Wiederholung ... wiinschenswerth ... . Dem einzelnen Beobachter kann leicht ein Differentiale
entgehen, welches, wenn es auch anfangs unbedeutend scheint, doch so anwachsen kann, dass es fiir das
Gesammt-Resultat nicht vernachldssigt werden darf.
U die Einheit im Entwicklungsplane des organischen Lebens ausser Frage steht.
** Demnach ist fiir alle derartigen Versuche die Méglichkeit vorhanden, dass schon aus der zweiten Befruchtung
eine constante Form gewonnen wird, welche der Pollenpflanze gleich kommt. Ob dieselbe aber wirklich erhalten
wird, hingt in jedem einzelnen Falle von der Zahl der Versuchspflanzen ab, sowie von der Anzahl der
differirenden Merkmale, welche durch die Befruchtung vereinigt wurden.
# Picture: Gregor Mendel, Prelate and Abbot, before 1880
24 Record from the meeting of the Naturforschender Verein on January 9, 1884 (Verhandlungen des
naturforschendes Vereines in Briinn, 1884, Vol. 23, p. 19):

Der Secretir Herr Prof. G. v. Neissl theilt die betriibende Nachricht von dem Tode des hochverdienten
Vereinsmitgliedes P. Gregor Mendel, inful. Abt des Augustinerstiftes in Briinn mit. Der Verstorbene gehorte
seit der Griindung des Vereines zu seinen eifrigsten und wohlwollendsten Forderern, indem er nicht
alleindenselben materiell ausgiebig unterstiitzte, sondern auch lebhaften Antheil an den wissenschaftlichen
Arbeiten desselben nahm. Er beniitzte die Musse, welche ihm seine gliickliche Stellung gewdhrte, fast
ausschliesslich zu sehr eingehenden naturwissenschaftlichen Studien, die durchaus von selbststindiger
eigenthiimlicher Auffasungsweise zeigten. Hieher gehoren insbesondere die Beobachtungen iiber die von ihm
in grossen Mengen cultivirten Pflanzenbastarde. ...

% Picture: Augustinian vault in the Brno central cemetery, including the grave of Mendel
26 picture: Mendel's statue in the former vegetable monastic garden by Theodor Charlemont, Vienna
*7 Picture: Mendel University of Agriculture and Forestry, main building
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Prof. Tschermak founded 1912 Mendeleum in Lednice®™, research institute for genetics and
plant breeding of Vienna Agricultural University, which belongs now to the Mendel
University.

Plant breeding practice seems to be a product of science, intuition and of experience.
However, knowledge of the Mendel’s principles of inheritance enabled development of the
intuition and critical judgement of the experience. In such a way contribute to a rational
appreciation of different breeding approaches.

The principles of genetics by plant breeder G. Mendel used later also human and animal
geneticists. Plant geneticists learn in this time principles of gene transfer from them, since
genetically modified organisms are widely used for production of important human
medicaments.
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Picture 1: Gregor Mendel, about 1864/1865
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Picture 2: Village Hyncice
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Picture 3: Birth-house of Gregor Mendel
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Picture 5: The famous painting of the Black Madonna
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Picture 6: The Augustinian monastery, prelate quarters
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Picture 7: The Cistercian Church of Virgin Mary (basilica minor)
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Picture 8: The building of the former Realschule
L
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Picture 10: The experimental garden with the Museum Mendelianum situated in the monastery

15
9™ International Barley Genetics Symposium, Brno, Czech Republic, 20-26 June 2004



Picture 13: The first page of the famous manuscript
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Picture 26: Gregor Mendel, prelate and Abbot, before 1880
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Picture 30: Augustinian vault in the Brno central cemetery, including the grave of Mendel
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Picture 31: Mendel's statue in the monastery by Theodor Charle
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Picture 32: Mendel University of Agriculture and Forestry, main building
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Picture 33: Mendeleum in Lednice
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International Barley Genetics Symposium
Their Mission and Position in Barley Genetics History 1963-2003

J. Spunar' and R. Nilan®

1Agricultural Research Institute Krométiz, Ltd., Kroméiiz, Czech Republic;
2Washington State University, Pulman, USA

Nearly 41 years ago in 1963 the First International Barley Genetics Symposium (IBGS)
was held in the Netherlands. Thus, at the beginning of the Ninth IBGS is should be worthwhile
to present the Mission of the Symposium in barley genetics history, 1963-2003. Especially it is
very important that more recent barley geneticists and breeders have some knowledge of how
barley genetics and related areas developed over the past 40 years.

The need for an international barley genetics network and Symposium evolved and the
planning started in the fall of 1959 in Arne Hagberg's Cytogenetics Laboratory of the Swedish
Seed Association, Svalov, Sweden. Ewald Favret, Castelar, Argentina, and Bob Nilan,
Pullman, USA were working there on chromosome aberrations and induced mutations. The
three decided to convene a meeting of the worlds barley geneticists prior to the XI International
Genetics Congress in the Netherlands. This, with the major assistance of several scientists of
the Netherlands, the First International Barley Genetics Symposium was held in Wageningen
in August 1963. The beginnings of the International Barley Genetics Symposium is described
in detail by Hagberg and Nilan in Barley Genetics VI (1962) pages XIII a XV.

In this brief review, special emphasis is placed on the major new information on barley
genetics and related areas presented at each of the eight previous Symposia and recognize those
who planned and developed each Symposium. For the sake of accuracy, in the summary of
each Symposium we have not listed the scientists connected with each finding or advance. We
did not want to inadvertently overlook any scientific participant.

We cannot review the last 40 years of barley genetics without mentioning some of the
pioneers who were instrumental in initiating and developing important areas reported in the
early Symposia. These include Wiebe (developing and maintaining the world collection of
breeding stocks and developing hiproly barley), Ramage (cytogenetics-translocations),
Robertson (tracking genes, mapping and developing linkage stocks), Truchiya (cytogenetics-
trisomics), Bakhteyev (origin and phylogeny), Hagberg (cytogenetics-use of translocations and
haploids), Kasha (cytogenetics-microspore culture and haploids), Shepperd addition lines),
Lundquist (mapping, maintaining and cataloguing genetic stocks), and Von Weastein (induced
mutations and molecular biology of the chloroplast).

The First Symposium was organized by F. Nijdam (President), H. Lamberst (ecretary), and
the organizing Committee of the Netherlands. There were 106 in attendance and 36
presentations. Highlights of this symposium included: origin and phylogeny: use of
translocations and trisomics in genetic analyses and breeding, radiation and chemical
mutagenesis, interspecific and intergeneric hybrids, host-pathogen interactions, and
chromosome mapping. A major development was the selection of co-coordinators for genetic
and chromosome stocks and linkage maps.
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Pullman, Washington, USA was the site for the Second Symposium in July 1969. It was
planned by G. A. Wiebe (President), R. A. Nilan (Secretary) and D. W. Robertson with 157
participants and 69 presentations.

New information included, hybrid barley, high-lysine, high-protein barley, fate and role of
exogenous bacterial DNA, molecular biology of the chloroplast, gene pools of naked strains
and eceriferum mutants for understanding barley waxy surfaces. The Barley Genetics
Newsletter was created at this symposium and was first published in 1970.

The Third Symposium was held in Garching, Germany in July 1975. It was organized and
developed by R. Nilan (President), H. Gaul (Secretary), E. Favret, G. Fischbeck and W. Friedt
with 180 in attendance and 93 presentations. New scientific developments included, utilization
of haploids in genetic analysis and breeding, genetics and physiology of resistance to stress,
addition of individual chromosomes to wheat, Giemsa C. banding of chromosomes and
breeding and improvement through induced mutations.

Edinburgh, Scotland was the site of the Fourth Symposium in July 1981. It was organized
and executed by H. Gaul (President), R. Whitehouse (Secretary) and the local executive
committee with 259 participants and 137 presentations. Important new scientific findings
included, the development and role of major collections and composite crosses for breeding,
beta glucans and proanthocyanidin free strains for improving malting quality and feed quality,
phylogeny and taxonomy the genus Hordeum, analyses of rye X barley hybrids, and isolation
of genes that could serve as traps for transposable elements.

In October 1986 the Fifth Symposium was held in Okayama, Japan. It was organized and
produced by A. Hagberg (President), Y. Yasuda (Secretary), T. Konishi and the local
organizing committee with 240 scientists in attendance and 142 presentations. New
information on barley genetics and related areas included: Rigorous productive duplications,
ideotype breeding, genetics of resistance to barley yellow-dwarf mosaic, four kinds of powdery
mildew resistance and major advances in molecular genetics.

The Sixth Symposium was held in Helsingborg, Sweden in July 1991. B. Harvey
(President), R. Von Bothmer (Secretary) and the Nordic Oganizing Committee had the major
responsibilities of planning and organizing. There were 342 in attendance, 222 presentations
and again several new important scientific findings. These included, structure of storage
protein genes, breeding for resistance to environmental stresses — frost, drought and salt
tolerance, application of microspore cultures in breeding, mutation, transformation and genetic
studies, advances in genetic transformation, quantitative imaging techniques for quality
malting analyses and advances in the genetics of plant development. Several Nordic
collaborators presented advances in genetic, biochemical and physical analyses of starch
synthesis. The North American Genome Mapping Project involving 19 collaborators presented
a Restriction Fragment Length Polymorphism (RFLP) map and its applications to breeding.

Saskatoon, Canada was the site of the Seventh Symposium in July 1996. Co-chairs B.
Harvey and B. Rossnagel, President R. von Bothmer, and the local organizing committee were
responsible for the planning and execution. It was held jointly with the Fifth International Oat
Conference and there were 425 participants and 327 presentations for both functions.

New advances in barley genetics and related areas included: transformation related to
breeding, importance of stem reserves in grain filling, genotype-phenotype associations at
major malting quality and quantitative trait loci (QTL) and implications for molecular marker
assisted selection (MMAS), molecular mapping of genes conferring resistance to major
pathogens, variation in agronomic characters derived from anther culture, improvements in
malting quality through engineering improvements in 1-3, 1-4 beta glucanase, genetic analysis
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of traits for improvements in feed for beef cattle, and high resolution mapping and rice synteny
and new roles for barley in human foods.

The Eight Symposium was held in Adelaide, Australia in October of 2000. Planning and
organization was directed by B. Harvey (President). G. Fincher (Secretary) and the local
organizing committee including A. Barr, P. Johnson and P. Langridge. There were 325
participants and 255 presentations.

New information in barley genetics and related areas included: durable resistance to spot
blotch and stem rust, new areas of genetic diversity, quality malt from hulless strains, protein
engineering in breeding and improvement, an easy method for establishing linkage groups, and
new breeding methodologies. Many papers dealt with advances in genetics and improvement
through transgenic transposon tagging, transposable elements, molecular mapping and
quantitative trait loci.

It is fully expected that the Ninth Symposium will reveal many new scientific advances that
will add immeasurably to our knowledge and application in barley genetics and related areas.
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From One Gene to Thousands of Genes: Perspectives from Another Man's
Life with Barley

P.M. Hayes

Dept. of Crop and Soil Science, Oregon State University, Corvallis, Oregon, 97331 USA

It is fitting that the 9" International Barley Genetics Symposium (IBGS) is held in the cradle of
malting barley, the home of outstanding beer, and a few hundred meters from the fields of
Mendel. This historical perspective is humbling: our unparalleled insights into the structure
and function of the barley genome will appear as glimmerings by the next IBGS and primitive
by the next anniversary of the publication of Mendel’s work. Pursuing this theme of historical
perspective, I’ve used Mendel’s first paper and Jack Harlan’s book - “One Man’s Life With
Barley” - as springboards for this talk. I also engaged in a bit of historical review and dusted
off the copies of IBGS Proceedings II and V — VIII that grace my bookshelf. I presented a
poster at IBGS VI and gave invited talks at IBGS VII and VIII. I am therefore honored to have
been invited to give one of the opening session talks at IBGS IX, but I certainly hope that this
is not the end point of the regression line.

Returning to the IBGS proceedings of years past, several things caught my eye in these classic
volumes. I have a treasured copy of IBGS II (1969), for which Dr. R. Nilan wrote the
Introduction. Thirty five years ago, Bob identified four reasons why barley genetics knowledge
is useful: it can “aid in the creation of improved varieties for food and malt production, (2)
increase the usefulness of barley as an experimental plant in a variety of biological studies, (3)
be utilized in understanding the genetics and improvement of other plants, and (4) generally
help to advance the science of genetics” (NILAN 1970). Need I say more? It appears that in the
old days there were no opening ceremonies, or the opening session speakers did not have to
supply text for the symposium proceedings. At any rate, Bob’s Introduction is immediately
followed by a paper with Dr. R. Allard, and the remainder of the volume is sprinkled with
papers by the early pillars of genetics and barley.

Picking up the thread of the IBGS events that I’ve been privileged to attend, at IBGS VI there
were opening session addresses. Dr. R. von Bothmer led off with a lyrical description of the
“beautiful billowing landscapes with the often colorful flowering barley fields” of Scandinavia
and highlighted the incredibly broad adaptation and multiple end uses of barley. At IBGS VII,
the Canadians returned to the North American tradition of no papers presented at the opening
ceremonies. The Australians, however, did allow for two “perspective” papers under the
heading “International Outlook” for IBGS VIIL. Dr. S. Smith of Novartis Seeds Limited
concluded his paper with the following prescient observation; “The future and outlook
therefore are bright and equally as bright as they ever have been. The only thing necessary to
be part of that future is an ability to identify change and adapt to it, and anything else isn’t
worth a XXX”. Well put, I'd say, particularly considering the volatility of the agricultural
biotechnology industry. Dr. A. Kleinhofs’ paper “The Future of Barley Genetics” follows in
the Proceedings of IBGS VIL It is a comprehensive and well-referenced paper in the course of
which Andy states that “Predicting the future is always a risky business, however it is fun to
try”. Unfortunately, Andy wound up in the hospital rather than at the symposium. A
consequence, I trust, of the long flight to Australia, not protracted fun. At any rate, when Dr. J.
Spunar kindly invited me to give a talk with the same title that Andy had used, I declined.
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Instead, I came up with “From One Gene to Thousands of Genes: Perspectives From Another
Man's Life With Barley”. The one gene part is an obvious choice, given our venue. Mendel,
of course, sparked a revolution that still has us reeling. My first exposure to genetics - under
the tutelage of Dr. R. Ramage, one of the stalwarts of North American barley genetics - was
essentially Mendelian. Later, I was enthused by quantitative genetics, as it promised tools for
moving beyond two locus models and into the sorts of traits that plant breeders are concerned
with. Such enthusiasm was dampened a bit by one of the heroes of barley, Dr. R. Allard, who
observed “Most quantitative genetic models require numerous assumptions, many of which
may be invalid, thus causing estimates of genetic parameters to be imprecise and even to
exceed their theoretical limits. Whatever the cause or causes, the laborious biometrical
experiments I conducted provided little information about numbers of alleles per locus,
numbers of loci, types of gene action (additive, dominance, epistatic), the impact of various
single-locus or multilocus genotypes on fitness, and other genetic factors about which we must
learn more if we are to understand the evolution of adaptedness” (ALLARD 1988).

Fortunately, my despair at Allard’s bad news about quantitative genetics was allayed by the
advent of molecular tools that allowed for relatively cost-effective genotyping of relatively
large populations. One of the fruits of such endeavors was Quantitative Trait Locus (QTL)
analysis. The QTL tool promised, and to some extent has delivered, information about the
“numbers of alleles per locus, numbers of loci, and types of gene action” that Allard sought.
The application of QTL analysis tools to barley genetics breeding has been reviewed elsewhere
(HAYES et al. 2003) and will be a subject of discussion (and perhaps closure) at this
symposium. The advent of even higher-throughput and relatively cost-effective genomics
tools, promises (and to some extent may deliver) many more tools for gene discovery and use.
A key (buzz) word in the preceding sentence is “high-throughput”. Of course we need to
remember that today’s ‘“high” is tomorrow’s “low”. Furthermore, ‘“high-throughput”
admittedly makes me a bit nervous and queasy: it is daunting for one who came of age in the
computer age to deal with thousands of genes simultaneously. After all, when one takes notes
in a breeding nursery — the ultimate macroarray — one takes notes on one plot at a time.
Nonetheless, the fact remains that if one chooses to do so the technology is available (albeit at
a steep cost) to monitor the expression of ~23,000 genes in each plot, and at a plethora of
growth stages and tissues. Even the hungriest of data vultures, however, would surely soon
succumb to overload when faced with such a barrage of information.

Cheer, history and rare books are always a refuge from the overloads of modern life, and barley
researchers are especially blessed to have at hand the exquisite fruits of their labors (in the
forms of malt-based brewed and distilled products) and “One Man’s Life With Barley” by Dr.
H. Harlan. The book was published, posthumously, in 1957, and it recounts thirty-five years of
“looking at barley...the mental compost from which our ideas spring like mushrooms”. All in
all, “One Man’s Life With Barley” is an excellent read. I’ve extracted seven principal themes
from Harry’s treatise: germplasm is of paramount importance; barley is an excellent pretext to
travel to the ends of the earth; genetics is a promising field, but a sideline to plant breeding;
plant breeding is a numbers game; bureaucrats are a distasteful and parasitic lot; barley
research provides opportunities to meet and enjoy some great colleagues; sometimes one’s son
will follow in one’s barley breeding footsteps.

I’d better set things straight on the last theme first — Dr. J. Harlan (son of Dr. H. Harlan) went
on to do great things in plant biology. My son spent one season on the barley summer field
crew and discovered that awns and barley itch are not sufficient to entice him into a life of
barley science. Harry and I see eye to eye on most of the remaining themes, and certainly when
it comes to the taxonomy of bureaucrats (a lower life form related to the amoeba but with a
much larger genome comprised entirely of nested retro-elements) and the value of barley
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colleagues (inestimable). Of the seven themes, germplasm is the one that may bear some
elaboration at this juncture and the one that will allow me to interject a bit of science into an
otherwise anecdotal ramble. Looking back on the North American Barley Genome Project’s
accomplishments, 1’d say it is germplasm that has allowed us to make good, and innovative,
use of technology.

Steptoe, Morex, Dicktoo, Calicuchima, Shyri, Gobernadora, Galena, Bowman, Wolfe Barley
Dominant and Recessive, 88Ab536 — these are all great genetic stocks that are testimony to the
skill, persistence, and good fortune of their developers. Other stocks of equal importance have
of course been developed by barley researchers around the world. However, as I am most
familiar with the North American Barley Genome Project stocks, I’ll focus the remainder of
the discussion on this germplasm base. These genetic stocks have served as parents of linkage
and QTL mapping populations and one or more serve as the basis for an arsenal of genomics
tools, including large insert libraries (e.g. the Morex BAC library) and microarrays (e.g. the
Morez Affymetrix chip). There is always a delicate balance between choosing (and staying
with) a genetic model and applying genetics to the constantly shifting germplasm arrays
present in a breeding program. In our breeding program at Oregon State University, I’ve been
fortunate to have the best of both worlds - our “foundation” germplasm for malting quality and
winter hardiness happens to have Morex — the “Chinese Spring” of barley genetics — as a
backcross parent.

This combination of agronomic relevance and genetic utility has made integrated breeding and
genetics a process of fascinating discovery and, optimistically, utility. 88 Ab536 was developed
by Dr. D. Wesenberg (USDA/ARS, retired). 88Ab536 is derived from the cross of a Nebraska
winter feed barley selection backcrossed to Morex; Darrell selected backcross progeny after a
particularly severe winter at Aberdeen, Idaho (USA). The selection 88Ab536 went on to
become the first U.S. winter barley to pass the American Malting Barley Association (AMBA)
pilot program. Unfortunately 88 Ab536 - like many an otherwise noble and promising selection
- was dropped during plant scale testing due to concerns regarding flavor. In any event, the
malting quality profile — particularly the high diastatic power sought by U.S. brewers — of
88Ab536 is quite good, and this selection produces a reasonable quality profile even when
sorely afflicted by biotic and/or abiotic stresses. Agronomically speaking, 88Ab536 has an
acceptable level of cold tolerance; it is very susceptible to stripe rust, scald, net blotch, and
BYDV; and it has low yield potential. Physiologically, 88Ab536 is a curiosity since it has an
acceptable level of cold tolerance but it is not photoperiod sensitive and it does not have a
vernalization requirement. At the VIII IBGS we proposed the idea of a “winter malting quality
footprint” based on 88Ab536, since one could surmise that all favorable quality genes would
be contributed by Morex and all winter hardiness genes would be contributed by the Nebraska
feed parent.

In order to define the “first footprint”, we used the Simple Sequence Repeat (SSR) markers
developed by the Scottish Crop Research Institute (SCRI), and the bin map assignments for
QTL reported by HAYES et al. (2003). Our first footprint was intuitively appealing — Morex
alleles were detected in ~ 75% of the genome (on a linkage map basis) at all malting quality
QTL regions. 88Ab536 is notable for its high diastatic power, and based on a molecular marker
in the Bmyl gene, we inferred that the allele for this key determinant of diastatic power traced
to Morex. The Nebraska winter feed parent alleles were found on chromosome 5H in the
region where low temperature tolerance, vernalization response, and photoperiod sensitivity
QTL have been reported in various germplasm combinations in barley and wheat (FRANCIA
et al. 2003; YAN et al. 2003). We could not, however, explain why 88Ab536 is cold tolerant
but does not have a vernalization requirement and is not photoperiod sensitive. We
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hypothesized that there had been a crossover between the tightly linked vernalization,
photoperiod, and cold tolerance loci on SH.

Recent progress in gene isolation and characterization of allelic diversity has provided new and
intriguing insights into the genomic architecture of 88Ab536 that may explain why it is such a
unique germplasm accession. In cooperation with Dr. C. Henson we recently proposed a
solution to the conundrum that feed barley varieties (and Hordeum vulgare subsp. spontaneum)
contribute favorable QTL alleles for diastatic power at a position coincident with the Bmy/
locus on the long arm of chromosome 4H (CLARK et al. 2003). These unheralded donors of
favorable malting quality alleles share single nucleotide polymorphisms (SNPs) at three
positions in the coding region of the gene that lead to a more thermostable and active form of
the enzyme. In order to understand the allele architecture of the variety Strider, which has
extraordinarily low diastatic power, and is the partner of 88Ab536 in the parentage of the
STAB mapping population, we sequenced the Bmy/ alleles in Strider and 88 Ab536 and found,
to our surprise, that 88Ab536 does not have a Morex allele at Bmy!. Instead, it has the more
thermostable and higher activity allele, which must have originated from the Nebraska feed
barley parent! This led to the question, “why had we inferred from the molecular marker data
that the Bmy! allele in 88Ab536 originated form Morex?” The answer came when we aligned
the 88Ab536, Strider, and Morex sequences for the Bmy! locus and found that the molecular
marker allele amplicon allele sizes for 88Ab536 and Morex differ by a few bp whereas the
Strider allele is much smaller. In our first footprint analysis, we were premature in equating a 2
bp difference with identity by descent. Thanks to the sequence alignment, we now know that
although the amplicon allele sizes for 88Ab536 and Morex are quite similar, they are due to
very different insertion/deletion events.

Coincidentally, we have been cooperating with Dr. J. Dubcovsky in comparative structural
analyses of the vernalization (Vrn) loci in wheat and barley. The first result of this work was
the discovery that 88Ab536 has a functional VrnH1 allele on SH. In the course of our C-repeat
binding factor (CBF) gene cloning and sequencing work, we determined that a large region on
the long arm of chromosome 5H in 88Ab536 traces to the Nebraska winter feed barley parent.
The finding that there were no crossovers in the vicinity of VrnHI ruled out the loss-of-
vernalization/retention-of-cold tolerance-due-to-crossover hypothesis. Per the Vrn epistatic
interaction model proposed by YAN et al. (2003), the VrnH2 locus on 4H encodes a repressor
of the VrnHI locus on 5H, and the effects of this repressor are ameliorated by vernalization.
Our next hypothesis, accordingly, was that 88Ab536 has a Morex (non-functional) allele at the
VrnH2 locus. This would, of course, require a crossover between Bmyl and VinH2. We
proceeded to test this hypothesis by confirmation of SSR alleles in this region, which do indeed
trace to Morex. We found further corroboration by comparative allele sequencing at the Snf2
locus, which is physically linked to the Vrn2 locus in Triticum monococcum (YAN et al.
2004). We are currently exploring in greater detail the structural and functional properties of
the VrnH2 locus in 88Ab536 and other important germplasm accessions. As of this writing, we
have found that we can amplify the VrnH2 candidate gene from Strider and Kompolti Korai
(varieties with a vernalization requirement) but not from 88Ab536 and Dicktoo (cold tolerant
varieties that do not have a vernalization requirement).

Genetically speaking, we have preliminary answers to several puzzling questions — and the
answers are non-intuitive. In 88 Ab536, the high diastatic power contributed by Bmy ! traces to
the winter parent and the growth habit and winter hardiness are attributable to contrasting
“winter” and “spring” alleles at the VrnHI and VrnH?2 loci, respectively. This analysis of the
genomic architecture of 88Ab536 also leads us to hypothesize that hyper-susceptibility of
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88ADb536 to stripe rust may be due to its Morex allele at a major stripe rust resistance QTL
which is ~ 15 ¢M proximal to VrnH2 (CASTRO et al. 2003). Morex is super susceptible to
stripe rust and replacement of this region of the genome with QTL allele tracing to our
quantitatively resistant spring barley lines has led to acceptable levels of quantitative resistance
in a malting quality six-row background (MARQUEZ-CEDILLO et al. 2003).

This genetics information has given us a better understanding of 88Ab536, a foundation of
germplasm in our breeding program. A next, and intriguing, step to take will be an expression
footprint of 88Ab536 using the Morex-based Affymetrix chip. Genetics has, in this case, been
at the service of plant breeding: our current strategy is to select in cross progeny for the
88Ab536 alleles in the SH winterhardiness cluster region and the long arm of 4H from VinH2
to Bmyl. Proximal to VrnH2, we will introgress a stripe rust resistance QTL allele. As the
“malting quality footprint” comes into better focus, we anticipate continued progress in fixing
favorable alleles in our breeding program and continually introgressing novel alleles from other
germplasm. These plans for the future and applications of technology are possible thanks to the
germplasm.

A unique attribute of the barley research, production, processing and consuming communities
is their simultaneous appreciation for pure science and its applications. As Harlan observed,
“At the moment, the field of theoretical genetics may be as far removed from breeding as
astronomy, but workers in that field have the possibility of uncovering the mother lode”. There
are gold mines out there to be discovered and exploited. However, the disturbing trend towards
absolute and uncompromising intellectual property protection leads to constrained germplasm,
technology, and data exchange. Let us not fall into the trap of the “Treasure of the Sierra
Madre” such that our greed for gold finally leads us to dust. To quote Harlan a final time
“Tucked away in the hills of China or Nepal may be a barley that will one day save the crop of
Montana (USA) from a disease we have never seen” (HARLAN 1957). Substitute your
country/state/program and breeding challenge — the imperative is to collect, conserve,
characterize, use, and share. Germplasm is the base of barley and barley is the base of beer. Na
zdravi!
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S 1 - GERMPLASM AND GENETIC RESOURCES

Global Inventory of Barley Genetic Resources
J. Valkoun and J. Konopka

Genetic Resources Unit, International Center for Agricultural Research in the Dry Areas
(ICARDA), P.O. Box 5466, Aleppo, Syria

Abstract

The FAO estimates that more than 280,000 accessions of barley genetic resources are
conserved in numerous ex situ collections. There is no doubt that there is significant overlap of
collections but the extent of this overlap is not known. There is no global “one-stop shop” for
scientists wishing to find particular germplasm although many genebanks offer Internet access
to information on their collections. Genetic Resources Unit (GRU) of ICARDA in
collaboration with European Barley Data Base (EBDB) and major barley collections has
compiled a Global Inventory of Barley Genetic Resources. The project was supported by the
System-wide Information Network for Genetic Resources (SINGER) and is to be published on
the Internet in 2004. The Inventory lists more than 176,000 accessions from 42
institutes/genebanks. Approximately 40% of a ‘global collection’ refers to landraces, collected
in the field, or selections from landraces. The inventory identified over 300 collection missions
to 57 countries during the period 1921-2001. Whenever the collection site data were
sufficiently detailed, the collection sites were geo-referenced to facilitate production of
distribution maps and links with GIS. As expected, a significant part of conserved material is
the result of breeding efforts and we attempted to cross-reference accessions using standardized
names. For large part of breeding material the system also records pedigree, developer and date
of release.

Keywords: barley; genetic resources; global inventory; Data Base

Introduction

Barley is a globally important crop that is adapted to marginal and stress-affected environments
and is the fourth in importance after wheat, rice and maize,. It is, therefore, of high importance
to resource-poor farmers in many developing countries. The breeding strategy for barley crop
improvement in the developing world is targeted to low-input stress-affected, mostly
subsistence farming systems in highly diverse environments. This differs to that in developed
countries where barley may be grown for different purposes using high-input technologies.

In some developing and transitional countries barley is still an important food grain. The
consumption per capita in 2001 was 42.1 kg in Morocco, 29.8 kg in Estonia, 21.0 kg in
Moldova, 16.7 kg in Latvia, 13.5 kg in Lithuania and Azerbaijan, 12.8 kg in Ethiopia and
Libya and 12.4 in Algeria (FAOSTAT 2004). It is also essential food in the highlands of
Himalayas and Andes. However, the majority of the world’s barley grain production is utilized
as animal feed. Barley straw is a valuable feed for small ruminants in the Central and West
Asia and North Africa (CWANA) region, which, in dry years, may have a higher price than
barley grain. Barley landraces from those countries have soft and highly palatable straw, but
this trait is rare or lacking in the modern lodging-resistant varieties.
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The International Center for Agricultural Research in the Dry Areas (ICARDA), one of the
Centers of the CGIAR system, has a global responsibility for barley improvement with a focus
on resource-poor farmers in the developing world. The Center recognized the role of
indigenous genetic resources in barley improvement for stress-affected low-input farming
systems in the semi-arid regions of CWANA and other parts of the world. ICARDA’s breeding
for unfavorable environments is based on selection in the target environments. This usually
involves selections in farmers’ fields, with their participation, using their agronomic practices.
This approach revealed that locally adapted landraces could be a useful source of breeding
material that would have been missed had the evaluation taken place only in high-yielding
environments. The presence of useful diversity within barley landraces has been documented
CECCARELLI et al. (1987, 1995), VAN LEUR ef al. and WELTZIEN and FISCHBECK
(1990). The wild progenitor of barley, Hordeum vulgare L. subsp. spontaneum (C. Koch) was
particularly useful in breeding for plants that remain tall in very dry years, a trait essential for
farmers to enable mechanized harvesting VALKOUN et al. (1997).

Detailed information on available genetic resources is particularly important for barley
breeding programs for and in developing countries, where selection from locally adapted
landraces may be the first logical step. To facilitate the access and encourage use of genetic
resources, ICARDA developed the Global Inventory of Barley Genetic Resources, which can
serve as a basis for its further improvement through international collaboration of barley
documentation specialists, collection curators, breeders and others who are interested.

Material and Methods

This project was done in collaboration with the Institute of Plant Genetics and Crop Plant
Research (IPK), Gatersleben, Germany who maintains the European Barley Data Base
(EBDB), Information was gathered by direct contact with institutions holding major barley
collections such as the USDA, VIR, and the AWCC. In addition to this, during 2004, the
database established by the recently completed EURISCO project was consulted and web-
enabled databases were interrogated on Internet. The project succeeded in obtaining passport
data for 176,509 accessions conserved in 42 collections. The barley Core Collections for
Europe, West Asia and North Africa (WANA), Americas, East Asia, and Oceania (total 1,126
accessions) were also included. Six major collections that maintain more than 10,000
accessions are listed below.

Table 1. Major barley collections

Collection/institute Number of accessions
USDA, USA 30,979
ICARDA, Syria 25,202
VIR, Russia 20,245
IPK, Germany 13,150
AWCC, Australia 12,328
John Innes Center, UK 10,828

The assembled data was standardized in conformity with the Multi Crop Passport Descriptors
(MCPD) proposed by IBPGR/FAO. In particular, priority was given to standardization of
names and/or numbers identifying accessions and to geo-referencing collection sites.

There is significant overlap between the collections due to independent acquisition of material
from the original collectors and breeders and exchange of accessions between collections. It is
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imperative for the global inventory to detect such overlap and to indicate to the users in which
collections the same or similar material is available. Accessions were cross-referenced using
two inter-related approaches:

(i)

(i)

(iii)

For material originally collected in the field, the collection sites were assigned
unique site codes and accessions were linked to the normalized collection site
records. Currently the inventory registers 302 collection missions, which yielded
29,255 accessions from 14,200 sites. An additional 50,000 accessions have
collection site data (over 7,800 different sites) but the mission could not be
identified due to lack of data (collection date and/or collectors). Whenever
sufficient information was available, the collection sites were geo-referenced and
thus can be linked to Geographic Information Systems (GIS) for further processing.

For accessions that originated from crop improvement programs, the combined data
on accession names, type of material, breeding organization and pedigree were used
to identify same or closely related accessions. It should be noted that the term
“accession name” is frequently ambiguous and therefore the project attempted to
clarify the meaning of “names” in addition to applying several rules to standardize
the names (like use consistent transliteration to Latin, convert to upper case, etc.).

A register of cultivars, landraces and breeding lines was created and currently
contains 43,770 entries linked to over 92,000 accessions. The register lists 8,850
cultivars linked to nearly 40,000 accessions. Breeding lines are less frequently
replicated in collections as 23,700 accessions refer to 17,000 research and breeding
lines.

Global Inventory of Barley Genetic Resources is constructed as a relational database composed
of 10 major inter-related tables:

ACCESSION main file registering accessions in each collection
IDENTIFIER file storing all identifying names and numbers for accessions
COLSITE register of collection sites

COLLECTOR file with name of collector(s) of each accession

MISSION register of collecting missions: country(ies), dates and collecting
organization(s)

CULTIVAR register of named accessions: cultivars, landraces, breeding and research
lines. Year of release of material, developer and pedigree information is
included here

PEDIGREE file with pedigree information of each accession as documented in source
collection

NOTES remarks as documented in institutes conserving accessions

TAXON register of Latin names

COOPERATOR names and addresses of people and organizations involved in collecting,

breeding or conserving barley genetic resources

A fully searchable database was developed and is available on CD-ROMs and an internet based
version is under development. A number of query forms and reports are available for users to
interrogate the database.
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Results and Discussion

The barley gene pool, held in ex situ genebank collections worldwide, is the second largest
after wheat, with 486,724 accessions (FAO, 1996). However, an earlier estimate of 280,000
accessions by PLUCKNETT et al. (1987) is similar to more recent data reported for 2002 by
the FAO’s World Information and Early Warning System (WIEWS) on Plant Genetic
Resources for Food and Agriculture (PGRFA) that estimates 284,408 barley gene pool
accessions are conserved (WIEWS 2004). If we consider the WIEWS number as a more
realistic estimate of the barley genetic resources global holdings, then accessions included in
the Global Inventory of Barley Genetic Resources represent a significant 62 % of the total.
However PLUCKNETT et al. (1987) estimate that only 20% of the barley global collections
may be unique accessions.

HARLAN and DE WETT (1971) classified the crop gene pool into primary, secondary and
tertiary pools, according to their relationships with cultivated species. According to
BOTHMER et al. (1991), the primary barley gene pool has three major components: cultivates
and breeding lines, landraces, and the barley wild progenitor, Hordeum vulgare L. subsp.
spontaneum (C. Koch) Thell. As there are no crossability barriers within the primary gene
pool, gene transfer from its three components to adapted cultivars is feasible. A single species,
Hordeum bulbosum L. belongs to the secondary gene pool. All other Hordeum species belong
to the secondary pool. The results below are discussed with a focus on the primary gene pool
components.

Figure 1. Geographical distribution of H. vulgare subsp. spontaneum collection sites
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The Wild Progenitor

The Global Inventory includes nearly 12,500 accessions of H. vulgare subs. spontaneum
originating from 25 countries. Its geographical distribution is concentrated in the western part
of the Fertile Crescent (Figure 1). Some 11,000 accessions were collected from more than more
than 1300 sites, of which 789 are geo-referenced.

Landraces
Of the total of 129,000 accessions with germplasm type information, 66,000 accessions (51%)

are landraces and mostly originate from a developing part of the world (Table 2 and Figure 2).

Table 2. Most frequent origin of barley landraces

Origin No.
accessions
Ethiopia 15353
China 5966
Turkey 5884
Nepal 3162
Switzerland 2964
India 2629
Pakistan 2575
Russia 2387
Afghanistan 1582
Iran 1509
Ukraine 1275
Morocco 1263
Total 46549

Figure 2. Geographical distribution of cultivated barley (mostly landraces) collection sites
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For more than 50,000 accessions site information is available and some 30,000 geo-referenced
accessions were sampled from nearly 16,000 sites. A total of 13,500 accessions have more than
5,000 names. This could indicate that only 38% are unique, but many of the names just relate
to geographical origin and germplasm type. Collection number data show that a high
proportion (61%) of landrace accessions may be unique.

Cultivars

In total, 36,173 accessions are classified as cultivars of which 25,291 have pedigree
information. Since only 3,774 different pedigrees were identified in the Global Inventory, the
percentage of unique accessions for the cultivar category is only 15%, indicating a high

Table 3. Most frequent cultivar accessions origin

Country Country code No. accs.
Germany DEU 6494
United States USA 3644
Great Britain GBR 2919
France FRA 2598
Japan JPN 1909
Sweden SWE 1802
Netherlands NLD 1286
Czechoslovakia’ CSK 1260
Denmark DNK 1238
Russia RUS 1137
Austria AUT 1113
Total 25400

" Includes former Czechoslovakia, Czech Republic and Slovakia

redundancy in the genebanks. If only accession names are considered, then more than 91 % of
36,173 cultivar accessions are duplications or multiplications. Contrary to landraces, improved
cultivars have their origin in developed countries with a long history of barley breeding (Table
3). The twelve countries listed in the Table 3 developed more than 70% of cultivar accessions
held in genebanks worldwide. As expected, many cultivar accessions have moved from one
genebank to another and, as a result, there are many multiple copies held in genebank
collections (Table 4).

Table 4. The top cultivar multiplications

Name Pedigree Country code No. accs.

Isaria Danubia/Bavaria DEU 48

Kenia Binder/Gull DNK 46

Binder Selection from Hanna DNK 44

Tschermaks (Kirsches Winter/Kirsches 2-Row)/(4- AUT 4]
Row Winter/Heines Giant Winter)

Wisa (Weihenst. MR I/Breun IN 2511)/Isaria DEU 39

Triumpf Diamant/Hadm. 14029/64/6 DEU 38
((Alsa/S3170/Abyss)/11719/59)/Union

Union (Weihenst. MR Il/Donaria)/Firl. 621 DEU 38
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Breeding (Unfinished) Material

19,000 accessions, which represent a significant part of the barley global holdings, are breeding
(unfinished) materials. According to their pedigrees, the level of multiplications is much lower
than in cultivars, since 66 % of accessions of this category are unique.

Other Wild Barley Species

1,351 accessions of wild barley species of the secondary and tertiary gene pool are represented
in the Global Inventory. Among them, Hordeum bulbosum L., Hordeum murinum L. and
Hordeum marinum Huds were the most frequent with 328, 223 and 137 accessions
respectively.

Future Developments

The Global Inventory of Barley Genetic Resources brings more insight into the extensive
barley collections held in 42 major genebank worldwide. However, it needs to be extended to
cover other major barley collections from Canada, Brazil (EMBRAPA), China, Iran and Korea.
The database needs to be periodically updated — the facility to upload the fresh data by Internet
is planned. Ideally, future developments should be guided by the International Barley Genetic
Resources Network and be fully coordinated with other global systems for barley, mainly the
International Barley Information System (IBIS). IBIS is being developed at ICARDA and
targets barley germplasm in breeding programs.
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Abstract

We used a set of DNA markers to characterise malting barley cultivars used in the Czech
Republic in the last century. SSR and AFLP markers revealed a shift in the genetic basis of
currently used cultivars in comparison with obsolete cultivars. Principal component analysis
showed that the gene-pool in use has narrower genetic basis. The results are supported by the
analysis of the data released from repetitive field trials. TDI-FRET based analysis of -
amylase alleles has led to discovery of highly thermostable allele Sd2H in modern local
adopted malting barley cultivar "‘Malvaz’, which can be used further in breeding programmes.
Other thermostable alleles Sd3 were found in old genetic resources. The results show that
molecular analysis can reveal increased value of genetic resources.

Keywords: barley; genetic resources; malting quality; DNA markers; SSR; AFLP

Introduction

Barley (Hordeum vulgare L.) belongs to the most important small grain cereals. It is used for
animal feeding, human nutrition and namely for malt production. High malting varieties are
required by breweries and distilling industry. Barley improvement and deliberated breeding
has a long history world-wide. Generally, it is possible to speak about breeding programmes
oriented to individual agro-ecological regions combining good adaptability, yield stability and
end-use quality.

Several different micro-regions are found in the Czech Republic with variable soil-climatic
conditions in which specific landraces were developed (LEKES 1961). Malting quality,
however, has been the most important trait along with adaptability. To reach superior quality
and good yield potential, usually genotypes of domestic origin have been combined with
highly yielding foreign lines or donors of resistance against pathogens by Czech breeders.
Already at the end of 19" century a Moravian centre led by E. Proskowetz was formed
producing first registered spring malting barley cultivars, e.g. highly malting cv.
"Proskowetziv Hané pedigree” registered in 1884. Cultivars descending from this group of
cultivars representing so called “Starohanacky” type of malting barley affected Czech and in
some extent European barley breeding in the last century (LEKES 1997). Selection and
multiplication of best performing genotypes were used by breeders followed afterwards by
individual selection. The use of deliberate crossing on the basis of Mendel laws resulted in
release of superior malting cultivar "Opavsky Kneifliv™ in 1926. ‘Opavsky Kneifliv" was
used in Czech region and in Germany as desirable germplasm. A new generation of cultivars
was released after World War II with the introduction of improved breeding technologies
including mutational breeding. "Valticky” and its short-straw mutant ‘Diamant” are the most
known examples.

In the following period domestic breeding mostly used local germplasm which was crossed
with lines/cultivars carrying resistance genes to improve malting barley.
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We used DNA technology based marker to follow the effect of breeding process and its
impact on Czech malting barley gene pool diversity. It was shown that DNA markers can be
successfully used for such task (MATUS & HAYES 2002). Namely SSR and AFLP markers
reveal polymorphism on DNA level efficiently (ALLABY & BROWN 2003). Other marker
types monitoring incidence of certain alleles are available as well (HOFFMANN &
DAHLEEN 2002; PARIS et al. 2002; WENZEL et al. in press). We aimed to find correlation
between marker incidence in genotype and presence of selected traits in phenotypes.

Material and Methods

Plant Material

80 barley obsolete and registered cultivars mostly of Czech origin were tested. Seeds were
obtained from the Genebank of the Research Institute of Crop Production Prague—Ruzyné,
Czech Republic. Data from field evaluation of biological, morphological and agronomic
important traits, obtained from barley gene resources database IS-EVIGEZ, were collected
during the last years for spring barley at the Agricultural Research Institute Kromeriz, Ltd.
and for winter barley at Prague and Kromeriz (vegetation period in days = SOW_RIPP,
vegetation period sowing-heading in days=SOWHEAD, plant height in cm = HEIGHT,
resistance to leaf diseases in scale 9 = best to 1=worst — mildew = BLUMGRAM, net blotch =
PYRENTER, leaf rust=PUCCHORD, grain yield in tha'=GRAINYIE, thousand grain
weight in g = TGW, number of spikes = PRODTILL, number of grains per spike =
GRAINEAR, grain weight per spike in g = GWEAR, seeds over sieve 2.5 mm = GRADING,
crude protein content in %=N, malt extract content in % = EXT MALT, chemical substances
measured at NIR device: protein content = N _NIR, starch content = STARCH_NIR, fat
content = FAT NIR, fiber content = FIBER NIR, extract content = EXT NIR ). List of the
barley materials tested is given in Table 1.

Table 1. List of investigated barley materials

. Years of Country . Years of Country
Cultivar . . . .> |Cultivar . . . .
registration*|of origin registration |of origin
Akcent 1992 CSK Lumar 1995 CZE
Ametyst 1972-1979 |CSK Luran 1998 CZE
Amulet 1995 CZE Luxor 1996 CZE
Atlas 1976-1981 |CSK Malvaz 1989-2004 |CSK
Atribut 1996 CZE Nitransky Export 1936-? CSK
BraniSovicky C 1959-1970 |CSK Nolctv Bohemia 1900-? CSK
Buciansky (Kneifl) 1946-1956  |CSK Novum 1988 CSK
Celechovicky Hanacky  [1956-1963  |CSK Okal 1992 CSK
Denar 1969-1976  |CSK Olbram 1996 CZE
Détenicky 1940-? CSK Opal 1980-1986 |CSK
Diamant 1965-1976  |CSK Opavsky Kneifl 1926-1960 |CSK
Diosecky 102 1930-? CSK Perry ? USA
Diosecky Kneifl 1938-? CSK Perun 1987-2003 |CSK
Diosecky Sprinter 1946-? CSK Primus 1995 CZE
Dregeruv 1900-? Profit 1988 CSK
Dukat 1971-1976 |csk  |Proskowetziv Hand\ ggy 1958 |csK
pedigree
Ekonom 1960-1972 |CSK Radosinsky Sladar [1934 CSK
Fatran 1980-1989 |CSK Rapid 1976-1983 |CSK
Forum 1993 CSK Ratboisky 1926-? CSK
Hana 1973-1979 |CSK RTG Valticky 1965 CSK
Hana II 1904-? Rubin 1982-2003 |CSK
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Hanacky Export 1935-? CSK Scarlett 1997 DEU
Hanacky Starovesky 1900-? Selekéni Hanacky — [1926-? CSK
Hanacky Jubilejni 1938-1956  |CSK Semcicky pivovar  [1920-? CSK
Harrington 1983 CAN Sladar 1967-1976 |CSK
Horal 1982-1997 |CSK Sladko 1992 CSK
Hofticky 1929-? CSK Slovensky 802 1942-1967 |CSK
Chlumecky 1904-2 %‘}’lveHSky Dunajsky 119461969 |cSK
Jantar 1966-1973  |CSK Stabil 1993 SVK
Jarek 1987 CSK Stupicky Hanacky  |1926-1962 |CSK
Jaspis 1986-1997 |CSK Sumavsky 1920-? CSK
Jindfichovicky K 64 1937-? CSK Tepelsky 421 1930-? CSK
Jubilant 1991 CSK Terno 1991 CSK
KM 1192 not regist. CSK Tolar 1997 CZE
Kompakt 1995 SVK Triumf 1938-1960 |CSK
Krajova Stary Hrozenkov [1900-? Valticky 1930-1976 |CSK
Krajova z Orlové not regist. Viglassky Polojemny|40°s CSK
Kredit 1984-1995 |CSK Viktor 1994 CZE
Krona 1996 DEU Zborovsky Kargyn [1919-? CSK
Krystal 1981-2003 |CSK Zefir 1981-1988 |CSK
Legend:

*- 2 —end of registration is not known,
- not regist. — landraces from the barley collection or new breeding lines not registered yet
(namely beginning with KM),
- CSK - Czechoslovakia, CZE - Czech Republic, SVK - Slovakia, DEU - Germany

DNA Isolation
DNAs were isolated from 14 days old plants, according to SAGHAI-MAROOF et al. (1984),
at least 30 plants were pooled per sample.

Microsatelite Analysis

27 microsatellites primer pairs were used in our investigation (BECKER & HEUN 1995; LIU
et al. 1996). The forward primers were fluorescently labelled. PCR was carried our as
described by authors. The amplification products were separated using Applied Biosystem
ABI PRISM 310 Genetic Analyzer.

AFLP

Restriction and pre-selective amplification were performed according to Perkin-Elmer
Protocol (Part number 402083, Rev.A, 1995) using EcoRI and Msel restriction enzymes.
Altogether 21 primer combinations with 3/3 selective nucleotides were finally used for
genotyping. Amplification products were separated using Applied Biosystem Generic
Analyzer ABI PRISM 310. Results were evaluated using GeneScan and Genotyper software.

Data Analysis

For each accession, a binary matrix reflecting specific band presence (1) or absence (0) was
generated. Pairwise distances between the accessions based on Hamman similarity metrics
were calculated (KUCERA et al. 2004). UPGMA-clustering and principal component
analysis were conducted using the statistical software package STATISTICA (StatSoft, Inc.).
Diversity index was calculated as proposed by DAHLEEN (1997).
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[-Amylase-1 SNP Analysis

Analysis was performed as described by POLAKOVA et al. (2003) using the TDI-FRET
technology (CHEN ef al. 1997) based on ABI PRISM 7700 platform for cSNP genotyping
assay. For sequence differences see Table 2.

Table 2. The cSNPs distinguishing the four allelic forms of Bmy1 identified by PARIS et al.
(2002)

SNP*® SNP*® Allele Thermostability
C T Sd2L Low
G T Sd1 Intermediate
C C Sd2H High
G C Sd3 High

Amplicon QTL-Specific PCR Primers
Primers published by LEE and PENNER (1997) were used for characterisation of genetic
resources. For exact procedure see OVESNA et al. (2001).

DArT Technology
For details and procedure refer to WENZEL et al. (in press).

Results and Discussion

It is known that selection and breeding have led to changes in the genetic basis of currently
used cultivars in comparison with those used earlier. Modern cultivars of malting barley are
highly yielding, many malting quality associated traits have been improved as it has been
shown in comparative field trials and malting quality tests (data not presented here). To trace
the underlying changes on DNA level a set of 80 accessions representing cultivars and
breeding materials grown in Czech region in the last century was investigated.

We have generated data on microsatellite (SSR) and AFLP polymorphism. Out of 47 tested
microsatellite primer pairs 27 were found suitable for cultivar identification showing
sufficient level of polymorphism. Using these primer pairs, 82 different polymorphic products
were recorded across the 80 accessions. Cultivar specific DNA profiles were generated using
these data.

Subsequently we surveyed 123 AFLP primer combinations. Out of them 21 were highly
polymorphic (more than 8 polymorphic products per primer combination across a core set of
12 cultivars representing different periods). Using these 21 selective primer pairs 146
different products were recorded across the 80 accessions.

We observed that several amplification products, which may represent certain alleles, were
typical for cultivars used in certain periods. Some amplification products were found in
modern cultivars, others were amplified only in obsolete cultivars.

To assess degree of diversity and association among cultivars cluster analysis and principal
component analysis were used. As input data for statistic analysis Hamman metrics was used
as it was shown that Hamman metrics is the best for resemblance coefficient calculations
(KUCERA et al. (in preparation).

SSR and AFLP data were used separately. In both cases, winter cultivars, which were used as
out-layers, formed a separate cluster. Spring cultivars were divided into several groups,
modern cultivars possess higher degree of similarity to each other in comparison with
obsolete cultivars. SSR data based clustering and AFLP based clustering differed in some
extend reflecting probably the nature of marker types. DNA markers are not always well
dispersed throughout the genome. They are often clustered in some regions of chromosome.
The statistical power of divergence measures estimates may be therefore reduced.
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We selected afterward markers with a better fit with genetic proximity calculations that
brought better characterisation of analysed genetic resources. If we excluded inconsistent
markers — e.g. 24 markers out of 146 in case of AFLP - (KUCERA et al. (in preparation)
better fit between SSR data based clustering and AFLP based clustering was observed.
Inconsistent markers elimination increased the product moment correlation coefficients r =
0.420. Field data from three years trials (data not present here) representing twelve traits were
analysed and association among 41 cultivars (Fig. 1) demonstrate differences between
obsolete and currently used cultivars. This clustering is in compliance with clustering based
on DNA markers.
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Figure 1. Dendrogram showing association among barley cultivars as reveal by analysis of
field trials data. Cultivars used in the 90s and 80s are marked by |green |, 70s and 60s are

marked circle and older cultivars are marked by orange. Lines colours in the

dendrogram represent presence of Sd1 Bmy! allele (green line), SA2L Bmy! allele (blue line)
or SA2H and Sd3 (purple line).

We decided also to use another technology which probably should be more powerful for
cultivars profilling - DArT technology. It uses genome complexity reduction alike AFLP.
Slightly different clustering of analysed genotypes was observed also in this case.

Even if approaches of diversity measures based on different marker system are not fully
consistent, it is apparent that genetic basis of cultivars has changed over time also in the
Czech Republic and genetic pool of modern cultivars is narrower. According to the pedigree
information, two thirds of the evaluated accessions have cv. '‘Diamant” in their pedigrees.
‘Diamant’, a short-straw mutant of cv. "Valticky’, has shown a significant impact also on the
European barley breeding (GRANNER et al. 2000). Inbreeding and combination of certain
cultivars and breeding lines were frequently explored in Czechoslovakia. Moreover a special
system of cross-examinations of the breeding lines among breeding station was in place.
These are the facts, which should be taken into consideration. The effect of selection for end-
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use quality on genetic diversity was revealed also by other authors who investigate barley
germplasm in other regions (GRANER et al. 2003).
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Figure 2. Association among analysed genotypes based on SSR and AFLP markers illustrate
narrow genetic basis of modern Czech cultivars

Cultivars released in the 90s
Cultivars released in the 80s
QO Cultivars released after World War II
@ Cultivars released before World War 11
Winter cultivars

Brewing industry uses certain barley cultivars for malt production. Excellent malting quality
is underlined by several genes and QTLs. We were interested, whether it is possible to trace
association between known DNA markers and desirable traits in Czech malting barleys and
whether the markers can be used for monitoring of the breeding process. Identification of
markers of alleles which confer improved quality would facilitate its manipulation through
contemporary improvement schemes.

Thermostability of B-amylase is one of the important traits. High thermostability in relation
with high malt fermentability (the yield of fermentable sugars produced from the hydrolysis
of starch). Fermentability affects the level of alcohol produced and is a critical parameter for
brewing. Thus the ability to select for barley B-amylase with enhanced thermostability would
be highly desirable (BARR et al. 1999). Even for such a simple trait, the best marker should
detect the actual mutation that confers higher thermostability. Using TDE-FRET assay we
found 48% analysed accessions to posses Sdl allele (intermediate thermostability), 39%
analysed accessions to posses Sd2L alleles (low thermostability), both alleles were found in
5% of analysed accessions. It is important to note that Sd2H allele (high thermostability) was
found in adopted malting cv. 'Malvaz’. This cultivar can be therefore recommended to
breeders as a suitable donor of Sd2H allele instead of e.g. Japanese cultivar "Haruna Nijo’
with many undesirable agronomic traits. Cv. 'Malvaz’ is more over medium resistant to
BYDV (OVESNA et al. 2000). Following pedigree of "Malvaz’, exploitation of exotic
germplasm was detected. The leaf disease resitance of variety Malvaz (especially against
Blumeria graminis) was adopted from two primitive gene resources of barley indicated as "CI
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9588" (H. vulgare, subsp. distichon, var. nigrescens Korn) and "CI 7672 (H. vulgare, susp.
vulgare, var. breviaristatum, Mansf.) from Ethiopia and India respectively (BRUCKNER
1990). The Sd2H allele with high B-amylase termostability could be transferred from these
parents. Beside that we found also other high thermostable allele Sd3 in older Czech cultivars.
The allele can be thus more easily introduced into new breeding lines.

Incidence of low, intermediate and high thermostable alleles in cultivars released in different
period is shown in Fig. 3. Sd1 allele (intermedium thermostability) was detected namely in
cultivars with very good malting quality, especially those with cvs. "Valticky” and "Diamant’
in the pedigree. Incidence of Sd1 allele and Sd2L with cultivar clustering according to field
data was proved (Fig. 1).

We have proved in our investigation, that amplicon specific primers (STS-PCR) developed
for evaluation of Harrington/TR303 progenies and related genotypes can differentiate also
among lines and cultivars used in our region. Namely Hor2 and a-Amyl markers were
informative (Fig. 3). Incidence of different alleles in cultivars grown in different periods is
changing.

Hor2 Amyl SNP
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Figure 3. Incidence of different Hordein (Hor2), a-amylase (Amyl) and B-amylase 1 (SNP)
allele in malting cultivars released in several decades of the last century in the Czech Republic

We evaluated further possible coincidence between several marker allele (e.g size of AFLP or
SSR amplification product) appearance and trait values using two-way join analysis. Two-
way join analysis and its graphical representation is one of clustering methods. It is not
frequently used. Two-way joining is useful in circumstances when one expects that both cases
and variables will simultaneously contribute to the uncovering of meaningful patterns of
clusters. For example, the researcher may want to identify clusters of individuals that are
similar with regard to particular clusters of similar measures of selected traits.

Several marker alleles were found to be really associated with certain trait values to some
extends. E.g. presence of AFLP marker allele named NewVar51 is typical for modern
cultivars represented by "Akcent’, "Ametyst’, 'Rubin’, "Amulet’, 'Lumar’, "'Kompakt’,
"Sladko” (Figure 4 and Table 2.). These cultivars are shorter, with improved yield components
represent other examples (e.g. 'TGW’, "GRADING’, Fig. 4). We can conclude that indeed it
is possible to reveal trends in the breeding by DNA markers.

Conservation biology emphasizes the negative impact of modern agriculture on genetic
variability of the gene pool under cultivation. During the breeding process undesired alleles
are removed from the gene-pool. However many alleles are present in old adapted local
germplasm. Alleles need to be discovered and genetic resources offered to local breeders
sometime instead of exotic locally non adapted germplasm. Thus the value of genetic
resources can be explored.
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Two-Way Joining Results
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Figure 4. Two-way joining analysis show coincidence between marker and trait forms in

some analysed cultivars

Table 3. Analysis of variance between marker NewVar51 and studied traits

Analysis of Variance

Traits SS df MS SS df MS
Effect Effect Effect Error Error  Error P
SOW_RIPP 11.12 1 11.12 44.66 39 1.15 9.71 0.00
SOWHEAD 15.59 1 15.59 122.10 35 3.49 4.47 0.04
HEIGHT 641.17 1 641.17  2051.54 39 52.60 12.19 0.00
LODGING 35.39 1 35.39 169.94 39 4.36 8.12 0.01
BLUMGRAM  0.83 1 0.83 78.86 39 2.02 0.41 0.53
PYRENTER 1.32 1 1.32 30.85 39 0.79 1.67 0.20
PUCCHORD 0.94 1 0.94 15.07 39 0.39 2.44 0.13
GRAINYIE 12.12 1 12.12 28.68 39 0.74 16.48 0.00
TGW 81.27 1 81.27 299.21 39 7.67 10.59 0.00
PRODTILL 009.63 1 609.63  338079.16 39 8668.70  0.07 0.79
GRAINEAR 2.23 1 2.23 124.89 39 3.20 0.70 0.41
GWEAR 0.07 1 0.07 0.85 39 0.02 3.20 0.08
GRADING 1469.19 1 1469.19  5235.70 39 13425  10.94 0.00
N 5.13 1 5.13 31.32 35 0.89 5.73 0.02
EXT MALT 8.35 1 8.35 94.64 35 2.70 3.09 0.09
N NIR 2.01 1 2.01 24.84 35 0.71 2.83 0.10
STARCH NIR 62.88 1 62.88 284.63 35 8.13 7.73 0.01
FAT NIR 0.09 1 0.09 1.23 35 0.04 2.66 0.11
FIBER NIR 0.01 1 0.01 7.11 35 0.20 0.05 0.83
EXT NIR 0.04 1 0.04 251.18 35 7.18 0.01 0.94
Marked effects are significant at p < 0.05
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S 2 - BREEDING METHODOLOGIES I - MAPPING

Molecular Mapping: Shifting from the Structural to the Functional Level
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R.K. Varshney and H. Zhang

Institute of Plant Genetics and Crop Plant Research (IPK), Corrensstrasse 3,
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Abstract

As a resource for structural and functional barley genome analysis, more than 140,000 ESTs
(expressed sequence tags) were generated from 22 cDNA libraries that yielded 25,224 tentative
unigenes. About 50% of these belong to gene families. The size of the complete transcriptome
is estimated to comprise between 35,000 and 75,000 genes. The barley EST collection forms a
rich source for the development of novel markers including SSRs (simple sequence repeats)
and SNPs (single nucleotide polymorphisms). Several bioinformatic tools have been developed
facilitating the computer assisted analysis of EST databases for the presence of either SNPs or
SSRs and the development of SNP-derived CAPS (cleaved amplified polymorphic sequences)
markers. In an attempt to systematically map barley genes a high-density transcript map is
under construction and presently comprises more than 1000 markers. This map forms a
gateway for comparative genomics with particular emphasis on the rice genome. 65% of the
mapped ESTs showing a significant homology to rice ESTs were found to display a syntenic
relationship between barley and rice. Thus, the barley EST resource provides a gateway for the
rapid and systematic transfer of genetic information from rice to barley and other Triticeae,
which can be readily exploited for marker saturation of defined chromosome regions and their
detailed comparison to rice. In the context of a functional genomics study, the complex trait
"malting quality" is being investigated using a barley cDNA array. By correlating the
phenotypic malting trait data of selected barley lines with the corresponding expression
profiles, a set of candidate genes was identified and further verified by genetic analysis.
Keywords: ESTs; functional genomics; malting quality; DNA-marker; rice; synteny

Introduction

In the past 25 years the availability of molecular marker maps has provided unprecedented
insight into structural features of the barley genome. Several generations of selectable markers
have been included in these maps and a large number of qualitative and quantitative traits were
located in the genome some of which are being routinely selected in marker assisted breeding
programs. The first generation of molecular marker maps mainly comprised genomic DNA
fragments, since cloning of low molecular weight genomic DNA for marker development is a
straightforward process. Moreover, genomic DNA fragments revealed higher DNA
polymorphism than gene-derived fragments, although it could be shown, that many genomic
RFLP-probes have been derived from genes (MICHALEK et al. 1999). With the establishment
of large scale EST-programs in several laboratories around the world, a comprehensive
resource has been created that provides direct access to genes. In the following, the application
of this EST-resource will be described for the construction of a genome-wide barley transcript
map, the marker saturation of sub-chromosomal target regions by exploiting synteny between
the genomes of rice-barley and the identification of candidate genes from an EST-based
functional association approach.
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Facets of the Barley Transcriptome

The salient challenge of applied genetics and genomics is the correlation between genetic and
phenotypic information and the subsequent identification of the genes underlying a trait of
interest. Since most traits are only defined by a phenotype rather than by proteins or
metabolites, map-based cloning has been the strategy of choice to isolate genes of interest.
However, positional cloning is a time and resource intense approach that has to be restarted
from scratch for any novel trait/gene. Consequently, there is a quest for more systematic
approaches for gene identification. In the best case, this results in deciphering the complete
sequence of a genome as it has been done for Arabidopsis and rice (TAGI 2000; YU et al.
2001; GOFF et al. 2002). Along with the progress in the field of bioinformatics, the
availability of a whole genome sequence will greatly accelerate the identification of trait-
related genes. Until now, the relative size of the barley genome has hindered any serious effort
of systematic sequencing. The available sequence data on selected subgenomic regions show
that, despite of very variable gene densities, any genome-wide sequencing effort in barley will
likely result in sequencing endless stretches of repetitive DNA. Therefore, the pre-selection of
expressed sequences will avoid the issue of genome complexity in barley. As a result of a
barley EST project that was initiated at the IPK in 1998 about 140,000 sequences originating
from 22 libraries have been released into the public domain. Together with the ESTs released
by other groups more than 380,000 ESTs have been deposited until now in the public EST
database of the NCBI (http://www.ncbi.nlm.nih.gov/dbEST/). These are derived from more
than 80 cDNA libraries covering virtually any tissue and growth stage as well as a series of
physiological conditions. Since ESTs reflect the transcriptional status of the tissue they were
derived from, the sequences are inherently redundant. EST clustering is applied to remove the
redundancy and to sort the sequences into singletons and sequence clusters. The sum of the
numbers of singletons and clusters yields the number of tentative unigenes (Tentative Unigene
Consensi, TUCs). In this regard, cluster analysis of 330,000 ESTs that were available in 2003
resulted in the definition ca. 33,000 tentative unigenes. Evidently the outcome of this kind of
analysis depends on a series of parameters including the average sequence length of an EST,
the quality of the sequences and the contamination of EST data with sequences from other
organisms, such as microbes or fungi. Moreover, the result of the analysis is influenced by the
stringency of the cluster algorithm. The higher the stringency, the more singletons (which may
be due to sequencing errors only) and thus the more unigenes will be defined. Using
appropriate software and proper settings meaningful results can be obtained as has been shown
for the differentiation of the individual members of the transcription elongation factor 1-alpha
(eEF1A) gene family (MICHALEK et al. 2002).

A comparison of the available sequence data to 254 well characterized barley genes from the
SWISSPROT database and to 1.2 Mb of annotated BAC-sequence originating from several
regions of the barley genome revealed an EST coverage of 87% for the SWISSPROT dataset
and 45% for the genomic sequences. Thus, a preliminary estimate of the gene repertoire of
barley will lie between 38,000 and 72,000 genes (ZHANG et al. submitted for publication).
However, the complexity of a genome is not only defined by the number of its genes, but also
by the number of its proteins. The latter may be influenced by alternative splicing, which is a
common feature of the human transcriptome. In higher plants alternative splicing may be much
more infrequent, since so far only a few cases have been described. Our EST data revealed that
about 4% of the barley genes show alternatively spliced isoforms, a similar figure as was
recently reported for Arabidopsis (BRETT et al. 2002).

From ESTs to Markers
RFLPs: The barley unigene-set represents a comprehensive source for the development of
gene-derived markers. A BLASTN analysis of the barley unigene set to itself revealed that
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about 50% of the genes are putative single copy genes, while the remaining genes are members
of gene families. Of these, the majority comprises only 2-5 copies (Fig. 1). This is in
accordance with the fact that cDNAs represent a good source for the development of RFLP
markers or conversely that genes readily can be placed as RFLPs on the genetic map. Despite
the experimental efforts required for RFLP mapping more than 600 EST-derived RFLP
markers have been placed to date on a consensus map consisting of 3 mapping populations
(Igri/Franka; Steptoe/Morex; Oregon Wolfe,../Oregon Wolfegom).
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size of gene families. The

60% — copy number of each barley

50% W Barley unigene was estimated by

40% [ Rice counting the number of

30% [ Arabidopsis BLASTN matches against the

20% unigene data set itself with an
E-value threshold of less than

10% i‘ 10720

0% , F=unl .-:l_r-.l_E

6-10 11-15 16-20 21-50 >50

Gene copy number

SSRs: Data from several plant species showed that, compared to non-coding regions, genes are
enriched for microsatellites (SSRs) (MORGANTE et al. 2002). Analysis of the barley EST
resource revealed similarities to other grass genomes: the barley transcriptome contains on
average 1 SSR every 7.5 kb. This frequency of EST-SSRs is similar to that found in maize,
wheat and sorghum, while the frequency in rice is 1/3.9 kb (VARSHNEY et al. 2002).
Trimeric SSRs represent the largest class of repeat motifs in barley accounting for 56%. This
may be explained by the suppression of non-trimeric SSRs in coding regions due to the ensuing
frameshift mutations. Monomeric and dimeric repeats were observed at frequencies of 19%
and 18%, respectively (THIEL ef al. 2003). For SSR identification and primer development a
software tool has been developed (MISA, http://pgrc.ipk-gatersleben.de/misa/), which allows a
widely automated search of EST databases for SSR-containing sequences.

SNPs: Similar tools have been developed for the computer assisted identification of single
nucleotide polymorphisms (SNPs). SNPs represent the most common class of genetic variation
encountered and have rapidly become the marker of choice because of their high frequency in
the genome and low mutation rates, when compared with other marker types. A survey for
barley based on the comparison of EST-derived sequence tags in 7 divergent barley cultivars
and one H. spontaneum accession revealed a mean nucleotide diversity of 3.2 x 10~ with
values ranging from 0 (no SNP) to 3x 102 A marked increase in SNP frequency could be
obtained by the computer assisted pre-selection of polymorphic EST-sequences from public
databases. This approach is based on the fact that the ESTs deposited in dbEST originated from
different genotypes. Thus, sequence alignments can be searched for the presence of SNPs. By
this approach it is evidently possible to identify genes or regions within genes that show a
higher frequency of polymorphisms. Using a software tool that has been designed to
automatically perform this task, 4,329 high scoring and putatively cultivar-specific SNPs were
identified. Further experimental verification of the results obtained from the data mining
approach resulted in the confirmation of 86 % of the SNPs detected. The average nucleotide
diversity of the SNPs identified in this way amounted to 9 x 107, This increase was mainly due
to the reduced frequency of EST-alleles that were monomorphic in the genotype panel
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analyzed, since this portion dropped from 34% in the random samples to only 9% after
employing the data mining approach (KOTA et al. 2003).

With the influx of a plethora of SNP genotyping assays in recent years, there has been an
imminent need for an assay that is robust, yet cost effective, and could be performed using
standard gel-based procedures. In this context, CAPS (cleaved amplified polymorphic
sequences) markers have been shown to meet these criteria. However, converting SNPs to
CAPS markers can be a laborious process, if done manually. Therefore, a computer programme
(SNP2CAPS, http://pgrc.ipk-gatersleben.de/snp2caps/), was developed that facilitates the
computational conversion of SNPs into CAPS makers (THIEL et al. 2004). To investigate the
number of potential CAPS markers present in our EST-allele database, 413 multiple aligned
sequences derived from barley ESTs were analysed for the presence of polymorphisms in 235
distinct restriction sites. 282 (90%) of 314 alignments that contain sequence variation due to
SNPs and InDels revealed at least one polymorphic restriction site. After reducing the number
of restriction enzymes from 235 to a set of 10 common restriction enzymes, still 31% of the
polymorphic sites could be detected. Thus, a significant portion of the available barley SNPs
can be assayed as CAPS markers, which might be an option for laboratories that cannot afford
or do not need the establishment high throughput SNP-detection platforms.

The Barley Transcript Map

The major challenge of genomics is the identification of candidate genes for a given trait. On
the structural level this requires the identification of all possible genes residing on a
chromosomal segment to which a trait has been assigned. In the best of all cases, each point on
a genetic trait map can be connected to a defined region in a fully sequenced genome — so far a
privilege of Arabidopsis and rice only. Although the barley genome is far from being fully
sequenced, strategies are emerging for sequencing the gene rich regions of a genome. To relate
these partial physical maps to the genetic map(s) of barley a high density transcript map is
being developed that presently comprises 1023 ESTs and extends over 1131 cM. The
corresponding loci represent potential anchor points for subgenomic physical maps of barley
and the mapped markers, in particular the 255 SNPs and 185 SSRs further complete existing
resources for trait mapping and marker assisted selection. Most importantly, the EST-loci form
the connecting points to relate the genomes of barley and rice. The presence of extensive
marker colinearity between these two genomes, which have diverged about 60 million years
ago, provides the opportunity to tap into the wealth of information and resources available for
rice. To explore the sequence similarity between barley and rice, the barley ESTs were
compared to both rice ESTs and rice genomic sequences. Of the 1023 barley ESTs, 769 share a
significant match with rice sequences (<1E-5, >80% sequence identity) and out of these 505
displayed a syntenic relationship at the chromosomal level as is shown in Fig. 2 for rice
chromosome 1 and a consensus map of barley chromosome 3. The apparent discrepancy
between the numbers of syntenic and colinear markers is mainly attributable to inaccuracies of
a few cM in the present consensus map, which destroy the linear marker order. An increase in
the number of anchor markers is expected to alleviate this problem.

Application of Marker Colinearity between Rice and Barley

Evidently, it is most tempting to use information from the rice genome for the immediate
identification of orthologous genes in barley. But colinearity observed at the level of genetic
resolution may provide too optimistic a picture. In several cases, the presence of the
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Figure 2. Comparison of the genetic maps of barley chromosome 3 (x-axis) and rice
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chromosome 1 (y-axis) (HARUSHIMA et al. 1998). The data for barley chromosome 3 are
based on a consensus map of three populations). ESTs in common to both chromosomes are
represented as dots with a colour code indicating the BLASTN similarity between homologous
ESTs of the two species. The positions of the centromeres are indicated by arrows. Given
similar map distances in both species, colinear markers would be ordered along the bisecting
line. However, due to the reduced recombination observed in the proximal regions of the 7
barley chromosomes, colinear markers form a sigmoid curve. Moreover, because of the
inaccuracies still present in the barley consensus map underlying this scatter plot, many dots
deviate from an intended line that connects the colinear markers.

orthologue from barley is no longer present in rice, due to small scale genomic rearrangements
or due to the rapid or the divergent evolution of genes that may prevent the detection of their
orthologues (KILIAN et al. 1995; LEISTER et al. 1998). But even in the absence of the
orthologous candidate gene, the information from rice can be applied to increase the marker
saturation of a defined chromosome region in barley, as it may be required for the
identification of a gene by positional cloning. A systematic approach for the EST based marker
saturation of a target region around the Rphl6 rust resistance locus based on sequence
information from rice has been described recently (PEROVIC et al. 2004). In this study, 309
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non-redundant candidate syntenic clones have been identified for this region out of a collection
of over 320,000 public barley ESTs in a two-step in silico selection procedure. For mapping,
initially fifty-four barley cDNA-clones were selected due to the even distribution of their
homologues on a putatively colinear 3 Mb rice BAC-contig. Out of these, 97 % (30) of the
polymorphic markers could be genetically assigned in colinearity to the target region in barley
and a set of eleven markers was integrated into a rphl6 high-resolution map. Although, the
colinear target region of rice does not contain an obvious candidate gene for rphl6 the results
demonstrated the potential of the procedure to efficiently utilize EST resources for synteny-
based marker saturation. A similar approach was successfully employed to saturate the
chromosomal regions harboring the GA-insensitive dwarfing gene sdw3 which is located on
the same chromosome (GOTTWALD et al. 2004). The systematic genome-wide exploitation
of the increasing sequence data resources will strongly improve our current view of genome
conservation and likely facilitate a synteny-based isolation of genes conserved across cereal
species.

Candidate Gene Identification by Functional Association

The availability of a comprehensive EST resource for barley has also set the stage for the
development of functional genomics-based strategies for the identification of trait-related
genes. It could be shown that germination of a barley grain is based on the orchestrated, spatio-
temporal expression of a large number of genes in embryo, scutellum and endosperm tissue
(POTOKINA et al. 2002). In addition to tissue dependent gene expression, cDNA-array
experiments also revealed that gene expression within a given tissue varies between different
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Figure 3. QTL-analysis of the trait diastatic power in the Steptoe/Morex progeny. Each LOD
curve represents one of 7 environments analyzed. Chromosomes are shown as vertical lines
with the skeleton markers used for QTL mapping represented as horizontal bars. The dashed
line indicates a LOD of 3.0. The maximum LOD that has been reached on each chromosome is
indicated. SNP-marker GBS0422 corresponding to the barley EST HYO01D13, has been
identified by the functional association approach as a candidate gene for malting quality (for
details see POTOKINA et al. 2004).
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genotypes. Under the hypothesis that differences in the expression of a quantitative trait are
based on differences in the expression of the genes underlying this trait, a DNA-array based
"functional association" approach has been devised to identify genes, whose expression is
related to the manifestation of the trait malting quality (POTOKINA ef al. 2004). As a result,
19 genes were identified in a pilot study that was based on a cDNA array comprising 1,400
genes, whose expression levels in a set of 10 European barley cultivars significantly correlated
with the expression of the 7 malt parameters measured. This set of candidate genes contained
genes that were already previously supposed to be related to malting quality(e.g. cysteine
proteinase 1), genes hitherto unknown to be related to this trait (e.g. 70 kd heat shock protein)
and genes of unknown function. Genetic mapping of these candidate genes in the
Steptoe/Morex cross revealed in several cases a congruency between the map location of the
candidate gene and the presence of a qtl for malting quality (Fig. 3).

Although these findings lend further strength to the validity of our functional association
approach, it suffers from the limited resolution of QTL (quantitative trait locus) mapping.
Hence, additional data from a larger set of genotypes are required for a final verification. In
addition to the genetic mapping of candidate genes and subsequent QTL analysis in a
biparental population, which inherently is confined to the segregation of two alleles only, the
genetic association of candidate genes may be analyzed in a larger panel of genotypes using a
case-control design.

Conclusions

While the development of molecular markers has shifted from anonymous DNA fragments to
genes, the development of a comprehensive transcript map of the barley genome is still in its
beginning. ESTs are presently being used at large scale for the systematic development of SSR
and SNP markers and it will be important to integrate the maps generated in different
laboratories into a robust consensus map, which needs to be curated in a coordinated and
sustainable way. The same applies to the integration of trait data.

As long as there is no comprehensive sequence information available for barley, many attempts
of positional cloning will benefit from the availability of sequence information from rice. In
this concern, mapped barley ESTs provide an excellent resource to quickly identify the
orthologous target region in the rice genome and to exploit the rice sequence for an EST-based
marker saturation in barley.

In addition to gene isolation by positional cloning, the availability of comprehensive cDNA
and oligonucleotide arrays now provides an option for the systematic investigation of
quantitatively inherited traits, using a functional association strategy. Undoubtedly the
verification of the candidate genes obtained by this approach presents further challenges for the
future. Complementary to the genetic mapping of the candidate genes, genetical genomics
studies are required to investigate whether candidate genes identified from the array analyses
are regulated in cis or in trans, since only the cis-regulated genes will be amenable to marker
assisted selection in plant breeding.

Despite the many issues that still await a solution, the availability of a large collection of barley
ESTs has set the stage for a systematic dissection of the genetic basis of agronomic traits in
barley. The identification of the corresponding genes is expected to lead to the development of
improved strategies to identify novel and useful alleles from the vast number of genetic
resources that rest on the shelves of the genebanks or that are thriving in sifu. In this way
genome research can deliver a significant contribution to the future use of biodiversity for the
adaptation of barley to the future needs of mankind.
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Abstract

Over the past decade, great progress has been made in identifying and characterising at least 25
QTL associated with the key malting quality parameters of malt extract, diastatic power and
cell and protein modification. This review examines the structural, biochemical and genetic
basis of malt quality, concentrating on malt extract. It attempts to link malt extract QTL with
the structural or biochemical factors, which contribute to malt extract allowing the breeder to
better understand the trait under selection. Marker-assisted selection for malt quality is
examined in a general sense, but more specifically in several current breeding projects
including simple introgression of a single allele, pyramiding of malt quality QTL from several
sources and attempts to “convert” a feed barley variety cv Keel (with low malt extract, low
diastatic power and high wort [3- glucan) to a malting barley through marker assisted
introgression of key QTL from three donor parents with excellent malting quality. Preliminary
results are presented for all of these breeding strategies.

Keywords: barley; malt; quantitative trait loci; mapping population

Introduction

Over the past decade, great progress has been made in identifying and characterising at least 25
QTL associated with the key malting quality parameters of malt extract, diastatic power and
cell and protein modification (Figure 1). Does this knowledge greatly enhance the barley
breeders’ efforts to breed better malting barley varieties faster ? This review will examine the
structural, biochemical and genetic basis of malt quality, concentrating on malt extract. This
will lead into a discussion of marker-assisted selection for malt extract in a general sense,
starting with simple introgression of a single locus leading to more elaborate schemes
including attempts to “convert” a feed barley variety cv Keel (with low malt extract, low
diastatic power and high wort [3- glucan) to a malting barley through marker assisted
introgression of key QTL from 3 donor parents with excellent malting quality.

The Relationship between the Biochemical, Structural and Genetic Basis of HWE

In a recent Ph D study, COLLINS (unpublished thesis, University of Adelaide) examined the
relationship between malt extract and a range of biochemical and structural traits measured in
the barley, malt, wort and spent grain produced from 12 barley varieties grown in South
Australia in 1997 and 1998. The 12 varieties included locally adapted feed and malting
varieties and elite malting varieties from the UK, Europe, Japan and North America. Malt
extract was influenced by 13 different parameters (Table 1). A number of these traits have been
studied in barley mapping populations and regions of the barley genome have been identified
that are associated with them (HAYES et al. 1993; HAN et al. 1995; OBERTHUR et al. 1995;
THOMAS et al. 1995; HAYES et al. 1996; LI et al. 1996; OZIEL et al. 1996; ZWICKERT-
MENTEUR et al. 1996; BEZANT et al. 1997a; HAN et al. 1997, HAYES et al. 1997;
LARSON et al. 1997, MANO & TAKEDA 1997; MATHER et al. 1997; POWELL et al.
1997; ULLRICH et al. 1997; BOREM et al. 1999; MARQUEZ CEDILLO et al. 2000; ZALE
et al. 2000; HAYES et al. 2001; BARR et al. 2003a; BARR et al. 2003b; KARAKOUSIS et
al. 2003a; PALLOTTA et al 2003; ASAYAMA, unpublished; PANOZZO et al, in
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preparation, COLLINS et al. 2004, EDNEY et al. 2004). HWE and the 13 parameters are
likely to be linked genetically by either the pleiotropic effects of a single gene or the effects of
gene ‘clusters’ where individual genes controlling each trait are closely linked and therefore
identified through QTL mapping as a single region. The following discussion investigates the
linkage between HWE and the 13 parameters.

Table 1. Characteristics of the grain, malt, wort and spent grain of varieties of high and low
malt extract grown in South Australia in 1997 and 1998 (COLLINS 2003, unpublished thesis)
and possible genetic control elucidated from various mapping populations

QTL associated
Malting & Brewing Stage|Trait Malting class|Malting class| Mapping pop. With trait and extract]
High Low
Grain SKSC Weight (mg) <39 >44 Not mapped
Alexis x Sloop 3H
Blenheim x Kym 2H (bin 2-3,
Barley 1000 GW (g) <36 <38 12-14)
grain hydration 72 hrs >140 <120 Chebec x Harrington SH
barley husk content % <9.5 >10.3 Galleon x Haruna nijo 2H
Malt Malt 1000 GW (g) <30 <34 Not mapped
malt beta glucan % <0.4 >0.75 Steptoe x Morex 7H, 4H
limit dextrinase (U/kg) >500 <400 Galleon x Haruna nijo 2H
Diastatic power pm/min/g >500 <400 Many Many
Alpha amylase pm/min/g >110 <80 Many Many
large starch granule size (m) >18 <17 Steptoe x Morex 2H, SH
RVA peak viscosity (RVA units))] <100 >130 Not mapped
Sloop x Alexis
wort, protein mod. soluble protein (%) >4.9 <4.0 Chebec x Harrington 2H, 5H
Arapiles x Franklin SH
FAN (mg/L) >170 <130 Sloop x Alexis 1H
Arapiles x Franklin 1H
Sloop x Alexis 2H
Dicktoo x Morex SHS
KI (%) >47 <40 Arapiles x Franklin SHL
wort, cell wall mod. B-Glucan (mg/L) <150 >250 Sloop x Alexis 1H, 2H
Arabinoxylan (mg/L) <40 >70 Not mapped
Viscosity (cP) <1.58 >1.65 Sloop x Alexis 1H, 2H
Arapiles x Franklin
glucose (mmols/L) >50 <40 Sloop x Alexis 1H, 5H, 7H
Arapiles x Franklin
Fructose (mmols/L) >10.5 <7 Sloop x Alexis 3H (denso), 1H
spent grain % of original grain <29.5 >31 Not mapped
Starch (%) <1.5 >2.0 Not mapped
B3-Glucan (%) <0.55 >1.0 Not mapped

Barley husk content and HWE were found to be associated with a region on the short arm of
chromosome 2H. It was found that husk content influenced HWE both directly, by diluting the
amount of starch in the grain, and indirectly, by providing a physical or chemical barrier to
water uptake, thereby lowering modification and hence HWE. The following discussion
investigates the linkage between HWE and the 13 parameters.

Grain weight, in both barley and malt, was shown to negatively influence HWE. The selection
of varieties used by COLLINS (unpublished thesis) would have intensified this relationship.
The European, Canadian and Japanese high HWE varieties were poorly adapted to the
Southern Australian growing conditions, which would have resulted in small grain size.
However, in general, low extract feed varieties tend to have a larger grain size than higher
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extract malting varieties. Large grain size is an important industry target for new barley
varieties and there is a need therefore, to breed varieties with both high HWE and large grain
size. Three regions of the barley genome have favourable alleles for the expression of both
HWE and barley 1000 grain weight (the most commonly used assessment method for grain
size). Two regions were found to be associated with HWE and barley 1000 grain weight on
chromosome 2H (bins 2-3 and 12-14) in the mapping population Blenheim/ Kym (BEZANT et
al. 1997a; BEZANT et al. 1997b; HAYES et al. 2001). One of these had Kym donating the
favourable alleles for both traits and the other had Blenheim. Additionally a region on the long
arm of chromosome 3H was found to be associated with the Sloop or Sloop-sib allele for both
traits in the mapping populations Sloop/Alexis and Sloop-sib/Alexis (COVENTRY et al.
2003a; COLLINS ef al. 2003). The exploitation of these regions by breeders may lead to the
production of barley varieties with a combination of high HWE and larger grain size.

A high level of cell wall modification in both the malt, as indicated by low malt B-glucan
content, and in the wort, as indicated by low wort -glucan content and wort viscosity, were
found to be positively associated with HWE. Malt [3-glucan was measured in the Steptoe/
Morex population (HAN et al. 1995; HAN et al. 1997; ULLRICH et al. 1997; HAYES et al.
2001) and three regions of the barley genome, donated from Morex, were found to be
associated with increased levels of HWE and decreased levels of malt B-glucan on
chromosomes 7H and 4H (HAN et al. 1995; ULLRICH et al. 1997). Additionally, the regions
of the genome found to be associated with HWE on chromosomes 1H and 2H in the Sloop/
Alexis and Sloop-sib/ Alexis populations (COLLINS et al. 2003) were found to be associated
with traits relating to the level of modification of the cell wall material, wort -glucan and wort
viscosity. The manipulation of genes to increase the level of degradation of the cell walls is a
viable method of improving HWE. Due to the problems associated with high levels of cell wall
material in the wort during the lautering and filtration processes, increased modification of the
cell walls is an important breeding target. Regions of the genome that influence the
modification and degradation of the cell walls are an important source of genes for overall
malting quality.

The diameter of the large starch granules is positively associated with HWE (COLLINS 2003,
unpublished thesis). QTL influencing the diameter of the large starch granules were found in
the Steptoe/ Morex population on chromosomes 2H and SH (BOREM et al. 1999; HAYES et
al. 2001). Whilst no QTL for HWE was found in these regions in the Steptoe/ Morex
population, QTL for HWE were found on chromosome 2H in the Dicktoo/ Morex population
(OZIEL et al. 1996; HAYES et al. 2001) and the Galleon/ Haruna Nijo population (COLLINS
et al. 2003) and on 5H in the Blenheim/ E224/3 population (THOMAS et al. 1995; POWELL
et al. 1997; ZALE et al. 2000; HAYES et al. 2001) and the Sloop/ Alexis and Sloop-sib/
Alexis populations (COLLINS et al. 2003). The large starch granules make up approximately
90% of the total volume of the starch in the barley and therefore contribute the greatest
proportion of carbohydrates to the wort. Large starch granules are hydrolysed preferentially to
small starch granules during mashing (BATHGATE & PALMER 1973) and have a lower
gelatinisation temperature (MACGREGOR 1980; MACGREGOR & BALANCE 1980a),
making them more available to enzyme degradation during mashing. Whilst the measurement
of large starch granule diameter is both difficult and time consuming, further investigation of
this trait in other populations may lead to useful information for the improvement of malt
quality in general.

The activities of the starch degrading enzymes were found to be associated with HWE
(COLLINS 2003, unpublished thesis). In particular the limit dextrinase activity was found to
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be strongly associated with HWE. Limit dextrinase has been investigated in only a limited
number of mapping populations. Whilst the gene encoding limit dextrinase, LD, is on
chromosome 7H (LI et al. 1999; HAYES & JONES 2000), a number of QTL for limit
dextrinase activity have been found elsewhere on the barley genome (LI ef al. 1996). One of
these regions is associated with the marker Xmwg503(b) on chromosome 2H (LI et al. 1996) in
the mapping population Galleon/ Haruna Nijo. This region was also putatively found to be
associated with HWE in the Galleon/ Haruna Nijo population (COLLINS 2003, unpublished
thesis). The attention given to the more abundant starch degrading enzymes, alpha and beta
amylase, has often overshadowed the importance of limit dextrinase to overall malting quality.
COLLINS (2003) argued that selecting new varieties with increased levels of limit dextrinase
should lead to an increase in HWE. To assist barley breeders with selection strategies for high
limit dextrinase, further mapping studies to locate regions conferring high limit dextrinase will
be important.

Kolbach index (KI), soluble protein and free amino nitrogen (FAN), all give an indication of
the level of the modification and degradation of proteins during the malting and mashing
processes and were found to be positively associated with HWE. In the Sloop/ Alexis and
Sloop-sib/ Alexis populations, two regions of the genome were found to be associated with
HWE and FAN, and one region was found to be associated with HWE and KI (BARR et al.
2003b; PANOZZO et al. in preparation). All regions had Alexis donating the higher allele. The
increase in the degradation of the proteins during malting and mashing leads to higher levels of
HWE by increasing the accessibility of the starch granules to starch degrading enzymes.
However, a large amount of soluble protein in the wort is not necessarily advantageous as it
can lead to haze problems in the final beer, reducing the shelf life of the product. Most
breweries have strict limits on the level of soluble protein remaining in the wort. The release of
new malting varieties with improved levels of HWE combined with high levels of soluble
protein may not acceptable to the end user.

To our knowledge, RVA peak viscosity and grain hydration have not been mapped, while
genetic analysis of wort monosaccharides has only recently been pursued (EDNEY et al. this
edition). Likewise, the properties of the spent grain have not been mapped. Few studies have
investigated either the quantity or the components of the spent grain. Generally when spent
grain has been investigated it has been in relation to the influence of the spent grain on the
lautering process (KANO & KARAKAWA1979). In depth analysis of the starch and cell wall
material in the spent grain may lead to a better understanding of the reasons these materials
remain in the spent grain and hence, methods of improving their release earlier in the malting
process.

Applying the Genetic, Structural and Biochemical Knowledge to Practical Plant
Improvement

From these studies, we have decided to concentrate for MAS on the following loci which
influence malt extract;

* 1H XEbmac501 - positive alleles come from many European malting varieties derived
from Triumph including Alexis and also the Australian variety Franklin. This locus
appears to influence malt extract by improving cell wall hydolysis. There are no known
contra-indications for this locus other than many Australian varieties carry alternative
alleles, raising the possibility of deleterious effects on adaptation of the European
alleles (or, at least, linked loci)

* 2H Xpsrl08 - positive alleles come from Japanese varieties like Haruna nijo. This locus
leads to higher HWE via thinner husk. This locus is readily selected with two high
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throughput technologies i.e. NIR (ROUMELIOTIS & BARR 2003) and MAS. We
were concerned that selection for thin husk alleles would lead to unacceptably high
skinning or peeling but it now appears that the two traits are not inextricably associated
(ROUMELIOTIS et al. 2001).

 2HL Xwmg503 — positive alleles come from European varieties like Alexis  and
Japanese varieties like Haruna nijo. It appears that this locus affects HWE via improved
cell wall hydrolysis and / or increased diameter of the large starch granules. This locus
is linked to the Ha?2 locus for CCN resistance (in repulsion for many Australian lines)
and we have found that selection for the 5 H Ha4 locus is a better alternative, which
avoids any linkage problems. It should be noted however that some excellent malting
varieties with high HWE carry Ha2, so this is not an insurmountable problem (e.g. cv.
Monarch).

e SHL cluster — there are a cluster of QTL influencing HWE with positive alles coming
from many Canadian varieties including Harrington, Manly and AC Metcalfe. These
loci influence protein modification, diastatic power, the speed of germination and mean
diameter of the large starch granules. Selection for Canadian alleles in this region
certainly improves HWE but can lead to pre-harvest sprouting and a tendency to
produce overmodified malts. Modifying genes at as yet unknown loci ameliorate these
problems but the number of genes and their nature in this region are still unclear.

So, having chosen the key target loci and identified sources of favourable alleles, how does the
malting barley breeder set about using MAS to breed new varieties with higher HWE? In our
case, the use of MAS includes pre-screening of donors for doubled haploid production,
screening of donor plants from top cross and four way cross Fis and, in a few elite crosses,
selection of fixed lines in the breeding program. MAS has shifted substantially from its
beginnings around 1996 where selection concentrated on single major genes for disease
resistance to 2004 where QTL for quality traits are now heavily targeted (Table 2). Note the
number included in this table exclude the assays conducted in the feed variety conversion
project reported later in this paper (around 4000 assays at 4 extract loci and 1 diastatic power
locus).

Table 2. Number of marker assays in University of Adelaide barley breeding programme in
calendar year 2003 by trait

Trait Number of marker assays Number of loci for quality traits
Spot form net blotch 18
Aluminium Tolerance 203
Scald 244
leaf rust 300
Waxy endosperm 805 1
Cereal cyst nematode 919
Miscellaneous 1248
Diastatic power 1251 3
Boron tolerance 2001
Extract 2633 3

The following sections describe four of strategies used in the South Australian Barley
Improvement Program.
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Single Region Introgression - Introgression of the 5H Region into VB9524

The 5H region of Canadian varieties such as Harrington carry genes which increase the rate of
modification of malt, increase diastatic power and lead to increased malt extract. We identified
a line from the Chebec x Harrington mapping population which carried the Harrington alleles
in this region (and the Chebec allele Ha2 for CCN resistance) and by marker assisted selection
(MAS) introgressed this region into BC2 populations of the elite Victorian breeders line VB
9524. Table 2 shows the effect of the Harrington allele in a number of related BC2 lines. The
effects of this region on malt quality are dramatic, especially when measured in early season
malts where post harvest dormancy remains (Table 3).

Table 3. Comparison of analysis of micromalted samples of recurrent parent VB 9524 and WI
3580, a BC2 derived line where VB 9524 was the recurrent parent and the Harrington SHL
segment was introgressed via MAS, in samples from Cummins, South Australia, 2001

Line Grain | Diastatic | Alpha Beta | Kolbach | Extract | Viscosity | Wort FAAN
Protein | power | amylase | amylase | Index beta
glucan
VB 8.6 424 143 282 36.3 81.2 1.94 825 107
9524
WI 8.2 581 232 348 524 81.6 1.63 110 168
3580

Multiple Alleles from a Single Source

COLLINS et al. (2003) analysed the genotype and phenotype (for malt extract) of 85 lines in
the Galleon x Haruna nijo mapping population during 1996 —1999 in South Australia. Galleon
is a 2 row feed variety with poor malt extract (Table 4) whereas Haruna nijo is a high quality
Japanese malting variety. Hence, these varieties differ greatly in extract and four QTL were
identified which explained the genetic basis for this difference. When the allelic classes were
separated at each of these loci, the contribution of each Haruna nijo allele to overall extract is
apparent (Table 4). Several of these alleles, with the 2HL Xpsr108 most notable, have been
used in MAS projects with positive results (COLLINS ef al. 2003). Similar findings were also
presented when alleles from Harrington and Alexis were used in MAS.
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Table 4. Mean EBC HWE (1996-1999) for the Galleon/Haruna Nijo mapping population
separated into groups based on the “alleles” at marker Xpsr/08 and, each of 3 marker loci - G,
Galleon “allele”; H, Haruna Nijo “allele”

2HL 2HL SHS 6HS Mean EBC
Xpsr108 | Xmwg503 | Xawbma32 | Xnar7 | No. | Group” HWE
(%db)

G 29-50 77.2%%*
H 15-33 79.2
G G G G 6 1 75.2
G G G H 5 2 76.9
G G H G 2 3 75.0
G H G G 3 4 76.6
H G G G 3 5 71.7
G G H H 0 6 -

G H G H 9 7 717.5
H G G H 0 8 -

G H H G 10 9 77.4
H G H G 0 10 -

H H G G 3 11 79.3
G H H H 10 12 78.4
H G H H 1 13 78.2
H H G H 7 14 79.4
H H H G 3 15 79.3
H H H H 7 16 80.7

*** The lines carrying the Galleon “allele” are significantly different to the lines carrying the Haruna Nijo “allele” at marker Xpsr108
(P<0.05); “Group 1 is statistically different (P<0.05) from groups 7,9,11,12,14,15 and 16; Group 2 is statistically different (P<0.05) from
groups 12,14 and 16; Group 3 is statistically different (P<0.05) from groups 12,14,15 and 16; Group 4 is statistically different (P<0.05) from
group 16; Group 5 is statistically different (P<0.05) from group 16; Group 7 is statistically different (P<0.05) from groups 16 and 1; Group 9 is
statistically different (P<0.05) from groups 16 and 1; Group 11 is statistically different (P<0.05) from group 1; Group 12 is statistically
different (P<0.05) from groups 1,2 and 3; Group 14 is statistically different (P<0.05) from groups 1,2 and 3; Group 15 is statistically different
(P<0.05) from group 1 and 3; Group 16 is statistically different (P<0.05) from groups 1,2,3,4,5,7 and 9.

Multiple Alleles from Multiple Sources — Pyramiding Alleles from 4 Mapping Populations
The characterisation of different malt quality QTL in a range of germplasm provides an
opportunity to combine the desirable alleles in one genetic background. This has been pursued
by selecting elite individuals from the Alexis/Sloop, Galleon/Haruna Nijo, Chebec/Harrington,
and Amaji Nijo/WI2585 mapping populations for use as source material. A series of four-way
crosses were developed and the progeny selected with MAS to maximise the frequency of
preferred alleles in the subsequent populations. Preliminary malt quality analysis of the lines
derived from this process has confirmed the presence of elite quality profiles in lines carrying
multiple QTL. Further characterisation of this material will provide insight into the interactions
between genomic regions influencing malt quality, and begin to define a molecular ideotype
for elite quality. The concept of defining and specifically breeding for a molecular ideotype is
also currently under investigation in a population derived from the cross
Chieftan/Barque//Manley/VB9104 (McMICHAEL et al., this volume).

“Feed to Malt Conversion” — Marker Assisted Introgression of Malt Quality Alleles into
Feed Varieties

Malting barley breeding programs have typically applied conservative strategies for the
introgression of traits from non-malting germplasm, and this traditional approach can be
considered as recognition for the genetic complexity of malt quality. However, these strategies

64
9™ International Barley Genetics Symposium, Brno, Czech Republic, 20-26 June 2004



intrinsically limit the rate of genetic gain for adaptation and, in many water limited
environments, the superior adaptation of feed varieties is well characterised.

This project aims to develop and test a new paradigm for breeding malting barley i.e. to
introduce key malting quality genes via MAS from a range of elite international malting
varieties into Keel (a high yielding and drought tolerant feed variety), while maintaining the
superior adaptation and agronomic profile of the feed barley. This strategy implies that the
genetics of malting quality is now better understood than the genetics of adaptation.

Keel was used as the recurrent parent to produce backcross lines containing the key quality
genes from Alexis, Haruna nijo and AC Metcalfe. The BC,F; generations were screened using
molecular markers for a range of malt quality loci. A total of 1000 BC1F1 and BC2F1
individuals were marker screened, requiring over 3500 marker assays. Selected individuals
were screened as BCF, single plants to identify individuals homozygous for the target loci.
The subsequent populations were evaluated in a double row trial in 2002. Agronomic selection
was applied to identify individuals exhibiting the Keel phenotype, the subsequent grain
samples were evaluated for grain size and NIR predicted malt quality. Elite lines were
identified and promoted for further agronomic evaluation in yield plots in the 2003 season.
Selected BC,F, individuals were used to develop BC, generations for each of the introgression
streams. This germplasm is currently in a double row trial for agronomic and predicted malt
quality evaluation. Populations derived from intercrosses between the BC,F, individuals have
also been developed to pyramid the malt quality genes from the three international varieties
into a Keel genetic background. Thus far, this has required the production of over 1100 merged
F1s and 700 marker assays.

Nine elite lines were identified from 89 Alexis/KeelBC F5’s, derived from one elite
Alexis/KeelBC,F;. Unfortunately 29 lines from this population were unable to be analysed by
NIR, because of their low yield due to drought effects. Only 25% of the population had the
maturity of Keel, however over 60% had maturity in the range Keel to Barque. 18% had
screenings of or lower than Keel, 76% had a malt extract value of or higher than Schooner (a
commercial malting variety) and 23% diastatic power (DP) higher than Schooner. The
promising malt extract values from this population are significantly greater than Mendelian
expectation, demonstrating the effect of marker assisted selection.

Over half of the 91 WI3284/KeelBC,F5’s derived from an elite WI3284/KeelBC,F;, have the
same maturity as Keel and almost a quarter have screening percentages similar to Keel or
lower. An impressive 90% of this population have extract values greater than Schooner, with
56% having values greater than Sloop, possibly reflecting the impact of the thin husk trait from
Haruna nijo on NIR predicted malt extract. The DP values however are less impressive, with
10% having a DP greater than Sloop.

This approach aims for a complete quality conversion, from feed to malting quality, while
retaining the agronomic advantage of the feed variety. The preliminary results suggest this
strategy has successfully introgressed a range of malt quality QTL and largely retained the
characteristics of the recurrent parent. Whilst it is unlikely that lines from any one of these 3
streams will be of sufficient merit to be released as a malting variety, especially since Keel is
approximately 3 EBC percentage units of HWE lower than Schooner and 4.5% lower than
more current targets, it seems quite likely that merges of 2 or more of the streams may achieve
our aim. The project has proven very intensive on crossing and marker resources yet we
believe this strategy still represents a very efficient approach compared to our mainstream
breeding methods. However a more detailed characterisation of the malt quality, yield potential
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and disease resistance profiles of the germplasm over ensuing seasons will be required to fully
assess the merits of the alternative breeding strategy.

Conclusions

Mapping studies have not only defined key genomic regions influencing malting quality, but
have also contributed to our knowledge of their mode of action through the use of QTL based
trait dissection. These QTL are now routinely used in Australian malting barley breeding in
both conservative and speculative breeding strategies. The improved genetic knowledge and
application of MAS for malting quality has facilitated the development of novel breeding
strategies such as complete quality conversion and molecular ideotype breeding. These
alternative approaches may offer advantages to breeders attempting to manage the complex
genome of malting barley.
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Figure 1: A schematic diagram of a number of regions found to be associated with HWE in
Australian mapping populations. Each chromosome is separated into a number of regions
called Bins as described by Kleinhofs and Han (2002). Coloured squares represent regions
found in mapping populations around the world. Circles represent regions investigated in this
study. Markers are listed left of each chromosome. Listed right of the chromosome are other
traits found to be associated with each region.
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Abstract

Molecular marker-assisted selection (MMAS) is a proven breeding and genetics research
strategy for simply inherited traits. MMAS for complexly inherited true quantitative traits is
less certain. Our research through the North American Barley Genome Project concentrated
on malting quality and grain yield traits. These traits are difficult to evaluate and select due to
number of genes, genotype (G), environment (E), GxG, and GxE effects, and cost. For
malting quality, major quantitative trait locus (QTL) regions on chromosomes 1 (7H) (QTL1)
and 4H (QTL2) with multi-trait QTLs (malt extract, alpha-amylase, diastatic power, beta-
glucan) were MMAS targets in ‘Steptoe’ / ‘Morex’ (S/M) crosses. MMAS for QTL1 was
effective but not for QTL2. Fine mapping of QTL2 improved its selectability. For yield in
S/M, MMAS for QTLs on chromosomes 3H and 6H was more effective than for QTLs on
chromosomes 2H and 7 (5H). Another S/M MMAS study resulted in lines with improved
yield-related traits but not yield per se. MMAS resulted in improved yield and malting quality
in ‘Harrington’ / ‘Baronesse’ backcross lines. Lessons learned include: 1) Quantitative traits
are still complex, 2) genotypic or tandem genotypic-phenotypic selection can be as good as or
better than phenotypic selection, 3) response of individual QTLs can be complicated by
epistasis and cross-over GXE, 4) Optimum QTL allele composition is difficult to predict, 5)
QTL fine mapping can improve MMAS, 6) MMAS can help maintain high malting quality in
progeny from feed/malting type crosses for malting barley agronomic improvement.
Keywords: Hordeum vulgare L.; molecular markers; molecular breeding; QTL; epistasis

Introduction

Molecular genetic study of barley (Hordeum vulgare L.) and other crop species directed at
construction of comprehensive molecular marker chromosome maps and molecular genetic
analyses of agronomically and other economically important traits have led to a revolution in
plant breeding. Relatively accurate chromosome locations of relevant genes or markers
closely linked to relevant genes or quantitative trait loci (QTLs) allows for molecular marker-
assisted selection (MMAS) in breeding and genetic study. This is particularly important for
breeding difficult or expensive to select traits, including such traits as disease and insect
resistance and quantitatively inherited agronomic and quality traits. Working with these traits
is difficult because of the number of genes involved, genotype (G), environment (E), GxG,
and GxE effects, and/or analysis costs. MMAS is a more proven breeding strategy for simply
inherited traits, but MMAS for complexly inherited true quantitative traits is less certain.
THOMAS (2002) presented a recent review of MMAS in barley. Considerable molecular
genetics and breeding research and practice has occurred in barley over the past 25 years with
major mapping and/or breeding programs, for example, in North America
(http://www.barleyworld.org/NABGP.html),  Europe (e.g.http://pgrc.ipk-gatersieben.de;
http://www.scri.sari.ac.uk/), Japan (http:/www.rib.okayama-u.ac.jp/), and Australia
(http://www.agwine.adelaide.edu.au/research/plant/plant/cb/).
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Molecular breeding in barley for single gene traits has been particularly successful for major
disease resistance genes. Examples include molecular marker-assisted introgression of the
barley mild mosaic / barley yellow mosaic virus resistance gene, rym4 (TUVESSON et al.
1998) and molecular marker-assisted backcross breeding of the barley yellow dwarf virus
resistance gene ryd2 (JEFFERIES et al. 2003). Barley stripe rust (caused by Puccinia
sriiformis Westend. f. sp. hordei) resistance can be conditioned by major race-specific genes
and/or by horizontal or quantitative resistance genes. The later genes tend to condition more
durable resistance. Recent research has uncovered over 30 resistance genes both race-specific
and quantitative (QTLs) across the chromosomes of barley (CHEN et al. 1994; TOOJINDA et
al. 2000; CHEN & LINE 2003). Apparently, as few as two QTLs can condition durable
resistance to barley stripe rust as evidenced by the MMAS developed and released cultivars
Orca (HAYES et al. 2000) and Tango (HAYES et al. 2003).

Seed dormancy is another trait in barley that is quantitatively inherited. It is conditioned by a
range of environmentally stable and unstable QTLs (27+). However, perhaps only four
consistently expressed QTLs with allele effects of 5-50% are amenable to MMAS (ULLRICH
et al. 1993; HAN et al. 1996a). MMAS of one of the two major-effect QTLs (15 and 50%) on
chromosome 7 (5H) had a significant effect on the level of dormancy (HAN et al. 1996a;
HAN et al. 1999; GAO et al. 2003). Barley stripe rust resistance and seed dormancy level are
examples of situations in which traits can be very complexly inherited, but can be selected for
or affected by one or two of the potentially many QTLs involved. This can simplify the
practical molecular breeding process.

This paper is a reflection of experiences working with MMAS of two of the most difficult
trait complexes in barley, grain yield and malting quality. The molecular genetic study and
breeding application of these two trait complexes have been research priorities over the past
10+ years. Research performed directly or through collaboration will be primarily considered
and cited.

Material and Methods

The research was part of the North American Barley Genome Project (NABGP) and involved
the NABGP six-row ‘Steptoe’ / ‘Morex’ (S/M) doubled haploid (DH) mapping population (n
= 150), a DH selection population (n = 92) not used in mapping, and molecular marker-
assisted backcross derivatives of individual DH lines. Steptoe is a widely adapted, high
yielding, feed type that dominated production in the Pacific Northwest, USA for almost 20 yr.
Morex is a North American six-row malting quality standard. The basis for the research
described herein was the original molecular map published by KLEINHOFS et al. (1993) and
the original QTL analyses published by HAYES et al. (1993) and HAYES and [YAMABO
(1996). Other research involved molecular marker-assisted backcross lines from ‘Harrington’
/ ‘Baronesse’ (H/B) crosses. Harrington is a North American two-row malting quality
standard. Harrington has been molecularly and phenotypically characterized as a parent in the
NABGP mapping populations, Harrington / TR306 (H/T) (MATHER et al. 1997) and
Harrington / Morex (MARQUEZ-CEDILLO et al. 2000). Baronesse is a German two-row
variety that is widely adapted, high yielding, and currently dominates Pacific Northwest
production. Current map and QTL information and data can be found on the NABGP website
http://www.barleyworld.org/NABGP.html or links to it such as the USDA-ARS GrainGenes
(http://wheat.pw.usda.gov/) and  Washington = State = University = Barley = Genomics
(http://barleygenomics.wsu.edu/) websites.
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Traits for this presentation that were measured, mapped and selected were grain yield and the
associated sub-traits, plant height, lodging, flowering time, shattering, kernel weight, and
nodes/spike; and the malting quality traits, malt extract content (ME), diastatic power (DP),
alpha-amylase activity (AA), and malt beta-glucan content (BG) The barley populations or
backcross progeny, and parents were grown under multiple field test sites and years using
standard production practices in the Pacific Northwest, USA. Malting quality was determined
using micro-malting and malt analysis techniques using standard procedures at the USDA-
ARS Cereal Crops Research Unit, Madison, WI, USA and usually according to the American
Society of Brewing Chemists procedures (KNEEN 1976 with updates). Selection methods
included genotypic (MMAS), phenotypic, and tandem genotypic — phenotypic schemes.

Results and Discussion

Malting Quality

The effectiveness of MMAS for malting quality was tested with an S/M DH population not
used in the construction of the NABGP map on two chromosome regions containing major
QTLs for ME, DP, AA, and BG; one on chromosome 1 (7H) flanked by Brz and Amy2 of
~27 cM (QTL1) and the other on chromosome 4S (4H S) flanked by WG622 and BCD402B
of ~29 ¢cM (QTL2) initially determined by HAYES et al. (1993) and HAN et al. (1995). Total
variation explained for the traits in QTL1 and QTL2 ranged from 40-54% and 27-38%,
respectively. Subsequent study indicated that these two QTL regions act additively without
apparent epistasis (HAN et al. 1996b). HAN et al. (1997) found that QTL1 was stable in
selection response using MMAS, but QTL2 was not due to a lack of effect in the selection
population. In general a tandem genotypic — phenotypic selection scheme was more effective
than either genotypic or phenotypic selection alone. A study conducted in a similar manner
with an H/T population produced similar results both in terms of variable QTL selection
response and selection scheme effectiveness (IGARTUA et al. 2000).

There were two problems with MMAS in the S/M malting quality study. One was the non-
response of QTL2 in the selection scheme. However, subsequent fine mapping of this
chromosome 4S region perhaps revealed the reason. Fine mapping was done on an expanded
interval (by ~13 ¢cM) thinking that the original interval was too small and the active region
was missed. Indeed, fine mapping using reciprocal and duplicate molecular marker-assisted
backcross isolines revealed that QTL effects for all four traits extended beyond the originally
designated flanking markers (GAO et al. 2004). Fine mapping would likely improve the
effectiveness of MMAS in that smaller and more accurate chromosome segments could be
involved in chromosome introgression. QTL1 (HAN et al. 2004) as well as QTL2 have been
fine-mapped revealing not only a complex of multiple traits but also multiple QTLs in these
chromosome regions affecting malting quality. This kind of information can lead to additional
study as well as refined MMAS. The second problem revealed in this study was that among
the marker selected lines were several that did not have top quality and among the rejected
lines were several that had top quality. Of course this is expected in essentially any selection
scheme, certainly with phenotypic selection. A potential reason for this phenomenon is that
the function of the major QTLs is regulated by or these QTLs interact with the allelic state of
other minor QTLs in the genome. Certainly there are other known QTLs and structural genes
for these traits in the genome.

Grain Yield

Comprehensive interval mapping QTL analyses of the S/M mapping population for yield and
yield related traits identified QTLs on all seven barley chromosomes (HAYES et al. 1993;
HAYES & IYAMABO 1996). In these initial studies, QTLs on Chromosome 2 (2H) and 3
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(3H) were detected in 11 and 10 of 16 test environments, respectively, across the USA and
Canada. All other QTLs were detected in only one or two environments. All yield QTLs
except the one on chromosome 5 (1H) were variously coincident with yield related traits
including lodging, plant height, shattering, heading date, kernel weight, and/or nodes/spike
(HAYES et al. 1993; HAYES & IYAMABO 1996; KANDEMIR et al. 2000). The
chromosome 3 yield QTL, considered to be the most significant QTL, was associated with all
the above sub-traits, while the chromosome 2 yield QTL was associated with lodging, plant
height, and heading date.

Four yield QTLs, one each on chromosomes 2, 3, 6 (6H), and 7 (5H) were MMAS targets
within an S/M population of 92 DH lines not used for construction of the NABGP map
(ROMAGOSA et al. 1999). The population was field-evaluated in three environments over
two years. Positive selection response was greatest with the chromosome 3 S allele and
combined chromosome 3 S and chromosome 6 M alleles. The QTLs on chromosomes 2 and 7
displayed qualitative or crossover QTL x E interactions. It was concluded that genotypic and
tandem genotypic — phenotypic selection were superior or as good as phenotypic selection in
individual environments.

Pyramiding all or most of the yield QTLs in the S/M background in F; derived DH lines from
a cross of two selected S/M DH mapping lines did not result in lines with superior yields
(ZHU et al. 1999). Field tests were conducted in five environments over two years. All QTLs
showed QTL x E interactions, and the chromosome 2 QTL interaction was qualitative.
Digenic epistasis among the QTLs was also detected. This study concluded that selecting
optimum QTL combinations would be more effective than accumulating all positive QTL
alleles into one genotype.

In another S/M study, the objective was to transfer high yielding QTL alleles on
chromosomes 2, 3, and/or 5 from Steptoe into Morex to increase yield and maintain high
malting quality (KANDEMIR et al. 2000). Three S/M DH mapping lines were selected for
marker-assisted backcrossing (BCs or BC4) to Morex to transfer the Steptoe high yield QTL
alleles. Based on testing in four environments, none of the three QTLs alone or in
combination altered the yield of the Morex isolines above Morex. However, the chromosome
2 QTL increased flowering duration, and the chromosome 3 QTL reduced plant height,
lodging, and head shattering in some isolines. It was concluded that these yield QTLs must
interact with other genes for full expression of yield per se. High malting quality was
maintained in the Morex isolines indicating that none of the Steptoe yield QTL alleles
negatively impacted quality. LARSON et al. (1997) reported a similar finding studying the
effect of the chromosome 3 Steptoe yield QTL allele in S/M BC, derived lines.

The transfer of high yield QTL alleles on chromosomes 2L and 3L from the widely adapted
cultivar Baronesse to the high malting quality cultivar Harrington involves another marker-
assisted backcross scheme. Whereas this study is still in progress, a number of results and
lessons have been gained (SCHMIERER ef al. 2004). Several BC; Harrington isolines have
displayed yields equal to Baronesse across test sites and years. And in most cases the malting
quality of Harrington has been maintained or improved. The chromosome 3L QTL seems to
be more effective than the 2L QTL. One line equaled the yield of Baronesse across 22 site-yr,
but yielded less in the dry 2003 season. None of the isolines tested have both Baronesse yield
QTL alleles. One line has yielded similarly to Baronesse but has low quality. It does not have
either of the targeted yield QTL regions from Baronesse nor does it have a major malting
quality chromosome 7L QTL region form Harrington (MATHER et al. 1997). Results thus far
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indicate that there are other yield QTL regions of importance in Baronesse with portions of
chromosomes 2S, 5L, and 6L as leading candidates, and the targeted yield QTL alleles from
Baronesse do not negatively impact the malting quality of Harrington.

Conclusions

A number of conclusions or lessons have been gained from our experience with MMAS of
quantitative traits in barley, which is an extension and practical breeding application of QTL
identification and mapping:

1. Quantitative traits are still complex with much to learn yet even with the advances and
advantages of using molecular genetics tools.

2. Genotypic (MMAS) or tandem genotypic — phenotypic selection can be as effective or
more effective than phenotypic selection alone. Breeding effectiveness and potentially
cost advantages of a tandem molecular marker — phenotypic selection scheme are (1)
genotypes with potentially good malting quality or high yield can be identified in
seedlings as early as the F», (2) no grain is needed for malt analyses or yield trials at
early stages of a breeding program, and (3) after MMAS, the number of lines for malt
analyses or yield trials at later stages is substantially reduced.

3. Selection responses of individual QTLs can be complicated by epistasis and QTL x E
interaction, especially the QTL x E crossover type.

4. Optimum QTL allele composition is difficult to predict. For example, single QTL
introgression may not be effective and total QTL introgression (pyramiding) may not
be effective either.

5. Fine mapping of QTLs can improve MMAS. Conventional first order QTL analysis by
interval mapping is rather crude. Refinement of map position or flanking marker
linkage associations by any means can only improve transferring a target QTL with a
minimum of linkage drag, since linkage drag can be detrimental. It is likely that
microarray technology will improve or complement if not replace conventional
MMAS in the near future.

6. Thus far in our MMAS experience with both six-rows and two-rows, when selecting
for yield QTLs from feed barley in a malting barley background, the malting quality
QTL complexes can be maintained by molecular marker monitoring. Conversely,
when a line is selected with a significant malting quality QTL segment replaced by a
donor feed barley segment, reduced malting quality is reflected in that line.
Conventionally, malting barley breeders have avoided crosses that are so wide that
malting quality trait complexes may be disrupted. MMAS can help overcome this
concern and problem.
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Abstract

ESTs are the most informative sources of genetic markers on the linkage map in barley. We have
generated ca. 60,000 3’ end ESTs (Expressed Sequence Tags) from nine different cDNA libraries.
Each EST sequence was base-called by phred, trimmed with vector sequences and quality
controlled at the threshold QV (quality value)=20. Non-redundant sequences were developed by
phrap (contigs 8,753, singlets 6,686) to develop primers by Primer3. Ca. 11,000 primer sets were
synthesized. Our principal methods of mapping ESTs are (1) simple polymorphisms appear on
agarose gel, (2) SNP (Single Nucleotide Polymorphism) analysis after sequencing of parental
PCR amplicons either using PCR-RFLP or SNP typing system. In March 2004, more than 1,000
ESTs have been mapped by the simple polymorphisms on the agarose gel or PCR-RFLPs. The
project aims to localize several thousands of non-redundant ESTs on the barley linkage map.

Introduction

The number of ESTs in barley has been increased dramatically in a recent few years and reached
around 380,000 in March 2004 on the public databases collected by NCBI dbEST summary
(http://www.ncbi.nlm.nih.gov/dbEST/dbEST summary.html). EST has several advantages as a
genetic marker as follows: (1) EST is a partial sequence of the gene and is mapped on the
respective gene position on the genome; (2) By assembling the sequences of ESTs, especially 3’
end ESTs, non-redundant set of genes can be assumed, and thus marker rich and poor regions on
the map correspond to the gene rich and poor regions of the genome, respectively; (3) A cDNA
clone where EST is derived can be used as an RFLP probe; (4) PCR based markers are easily
developed from the EST sequences; (5) Markers can be directly used to identify positive BAC
clones for gene isolation; (6) Genome wide gene expression analysis to estimate gene function is
available from DNA array systems by PCR products of cDNA clones or synthesizing oligo-
nucleotide from EST sequences (CLOSE et al. 2004). Several papers have already reported the
abundant polymorphisms among barley ESTs by comparing different strains used to generate
ESTs (KOTA et al. 2001, KOTA et al. 2003). Other than these polymorphisms, introns within
genes may be rich source of polymorphisms if we can compare these sequences among different
barley germplasms.

We have generated ESTs from barley including three representative strains of Hordeum
vulgare L. collected in Okayama University. Since these strains have different genetic background
from the point of evolution, geographical differentiation and uses, we assumed to identify
polymorphisms by comparing EST sequences (SATO in preparation). For the development of
high-resolution barley transcript map, we started mapping of ESTs by using the mapping
population from two of the three EST donors as parents. The significant achievement by the
mapping effort for the last one year is reported here.

Material and Methods

Source of ESTs

Three barley strains were used to construct cDNA libraries. H602 is a wild barley strain classified
as Hordeum vulgare ssp. spontaneum (BOTHMER et al. 1995), which is assumed as a possible
progenitor of cultivated barley (Hordeum vulgare ssp. vulgare). The both subspecies are classified
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as Hordeum vulgare L. after BOTHMER et al. (1995). Akashinriki is a cultivated barley and a
Japanese six-row hull-less landrace used for human food. Haruna Nijo is another cultivated barley
and a two-row malting cultivar grown in Japan. Nine cDNA libraries were constructed by the
procedure described in HarvEST (http://harvest.ucr.edu/; CLOSE and WANAMAKER 2004) or
oligo capping method (MARUYAMA and SUGANO 1994). Cycle-sequencing was performed by
ABI3700 or ABI3100 DNA sequencers with BigDye-terminator (Applied Biosystems Co.) from
both 3’ and 5” ends of cDNA clones.

EST Data Processing

Each read was base-called by the software package phred and vector trimmed. Poly A and Poly T
stretches were also trimmed. By using phred base-calling quality score, high quality sequences
were selected from each read, followed by the mapping of ABI base-calling results to confirm the
identity of high quality sequences. The threshold of high quality sequence was set at QV=20. The
resulted sequences were used for the clustering, multiple alignment and mostly published on the
public DNA database.

Primer Development

Ca. 60,000 3° ESTs were assembled by the software package phrap and non-redundant set of
sequences were developed (contigs 8,753, singlet 6,686). The EST with longest high quality
sequence was selected from each contig to develop primer sets by the software package Primer3.
Sequence from each singlet was also used to develop primer sets. The optimum conditions of

primer development were Tm=60 °C (difference less than 2 °C between forward and reverse
primers), GC content =50% (difference less than 20%), target size=400bp (ranged from 150 to
500bp). Ca. 11,000 primer sets were generated under these conditions.

Mapping Population

The pollen sample from F; plant derived from the cross between Haruna Nijo and H602 was
harvested to develop haploids by microspore culture method (JAISER, personal communication).
Plants naturally diploidized and matured were selected. Ninety-three doubled haploid lines were
used for mapping.

Polymorphism Detection and Mapping

The genomic DNA samples of mapping parents (Haruna Nijo and H602) and their F; were
amplified by PCR reaction to detect polymorphisms between parents. The PCR amplicons were
electrophoresed on the 1.5% agarose gel and checked the amplification condition and
polymorphisms on the agarose gel. If polymorphisms were detected between parental amplicons
by presence/absence or size difference, they were used for the genotyping of mapping population
(hereafter referred as ‘simple polymorphism’). At the same time, each PCR amplicon from
parents by all the developed primer sets was sequenced. The resulted sequences by the same
primer set were aligned using the software package CLUSTALW and checked if they had
polymorphisms between the sequences, which could be recognized by the respective restriction
enzymes. If there is an enzyme recognition site between parents, it was used for the genotyping of
mapping population as a CAPS (PCR-RFLP) marker. The SSR and STS markers which had
known position of the chromosome by the previous reports (RAMSAY et al. 2000; MANO et al.
1999) were also used to screen polymorphisms between parents and to genotype mapping
population. The linkage of overall marker data was analyzed by the software package
MAPMAKER/EXP. The LOD threshold was 5.0 to declare the linkage on the map.
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Figure 1. Categories of polymorphism for the PCR amplicons between mapping parents
Haruna Nijo and H602 by the primer sets developed from the non-redundant 3’ ESTs in
Okayama University. SNP+ includes both single nucleotide substitutions and indels between
parents.

Results and Discussion

Degree of Polymorphism

The agarose gel electrophoresis revealed that parental polymorphisms by the simple
polymorphism are around 2% of the total primer sets used (n=10,560) in this study (Fig. 1). On
the other hand, 16% of the primer sets could not be evaluated due to the failed or multiplex
amplifications, which might come from the errors in primer development or inadequate PCR
amplification conditions. After the analysis of sequences of PCR amplicons of parents, SNPs
(Single Nucleotide Polymorphisms) and indels (insertions and deletions) were detected by the
alignment of parental sequences. Ca. 35% of the EST markers showed polymorphisms between
the mapping parents. The substitutions of SNPs were more frequent in transition types (A-G:
34.6%, C-T: 25.0%) than transversion types (other eight types). The polymorphic sites were
further analyzed if they had recognition sites with 49 kinds of restriction enzymes. Ca. 8% of the
markers had the recognition sites for the present mapping parents. There were 27% unmapped

Table 1. Number of markers assigned to the seven barley chromosomes. Markers form the
previous reports were used as anchors for each linkage group.

Marker source

Chromosome 3’ EST, Okayama Univ. Previous reports Total
Simple polymor. CAPS SSR STS
IH 30 118 3 0 151
2H 34 137 4 4 179
3H 33 119 10 1 163
4H 21 97 4 2 124
SH 35 141 5 2 183
6H 18 114 3 3 138
TH 43 115 6 4 168
Total 214 841 35 16 1,106
81
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SNP positive markers. These markers can be further mapped by using adequate methods of SNP
typing. The restriction enzymes used were mainly chosen by the cost per marker, which must be
cheaper than the analysis cost with SNP detection system. SNP negative markers are further
checked if they have parental polymorphisms on other mapping populations. With these
strategies, we assume almost half of the ESTs can be mapped by the current primer sets and other
mapping populations such as the one by HORI et al. (2003).

Linkage Analysis and Map Development

Polymorphism data sets of 93 doubled haploid lines for simple polymorphism and CAPS from
EST markers were analyzed with the anchor markers of SSR and STS. Most of the SSR and STS
markers could be identified on the previously reported positions on each linkage group
(RAMSAY et al. 2000; MANO et al. 1999). The map has 214 markers by simple polymorphism,
841 markers by CAPS in total (Table 1). Thirty-five SSR and 16 STS markers were also included
as anchors on each linkage group. The total map length is 1362.7cM with 1,106 markers (Fig. 2).
Since the population size for mapping was 93 lines, many markers located on the same position on
the map, which did not indicate that these markers were derived from the same gene since all
marker used were derived from non-redundant set of 3 EST sequences. According to the
population size for mapping, the average marker density (1.23 cM/marker) might not be less than
1 cM. There were some regions with significantly distorted marker clusters on the linkage map.
Since distorted markers were clustered, there might be some biological reasons such as lethal
factors, pollen selection for viability during doubled haploid development process. However, these
factors might not affect the mapping procedure since the linkage among these markers was robust
enough (LOD threshold 5.0). For each chromosome, from 118 to 176 ESTs were mapped. The
present map might be one of the highest density barley linkage maps reported.

Further Development and Application of EST Map
Since most of the markers available by simple polymorphism and CAPS has been mapped already
on the population of Haruna Nijo x H602, the next mapping strategy may be to use the SNP
typing system. A plenty of SNP typing system are available in the commercial market. We are
now using fluorescent polarization SNP typing system (Perkin Elmer Co.), which is working
nicely for our mapping project. An alternative strategy is to apply simple polymorphism and
CAPS markers on other mapping populations. However, to merge several mapping population
may cause minor errors in marker orders. The possible method to solve this problem may be to
use rice genome information to search homology between mapped barley ESTs and rice genome
sequences including ESTs, BACs and PACs (INE: http:/rgp.dna.affrc.go.jp/giot/INE.html). We
have already published the barley-rice homology map based on the rice genetic map (Fig. 3.
http://www.shigen.nig.ac.jp/barley/). By comparing both barley linkage map and rice genome
map, a certain amount of synteny and micro co-linearity relationship may be identified as well.
The present mapping strategy can be also expanded to merge other EST maps developed by
other mapping projects (GRANER, personal communication). The consensus map development
with reported core mapping populations with massive mapping information (HAYES et al. 2003)
may be effective to combine trait and EST information. For this purpose, some core marker sets
must be mapped on each population, although the map merging strategy needs be further refined.
Since there are some promising genes segregating in the present mapping population, these
factors are mapped as QTLs. If these traits are mapped between EST markers on the map, the
candidate gene can be estimated from the rice genome information. Since a BAC library from
Haruna Nijo (SAISHO ef al. in preparation) is available from the project in Okayama University,
the candidate gene can be identified in combination with mapped cDNA information and the
genome library. The present barley transcript map will play an important role to organize gene
positions on the barley genome.
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Figure 2. A transcript (EST) map of barley in the cross between Haruna Nijo and H602.
SSR and STS markers were integrated as anchors for each chromosome. All the EST
markers were PCR amplified by specifically developed primer pairs from the
representative 3° ESTs, which were generated at Okayama University.
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Figure 3. Barley-rice homology map on the genetic map of rice chromosome 9.
Homologies among barley ESTs published from Okayama University were searched by
blastn (e-30) against the mapped rice BAC, PAC, EST sequences. The homology
information for all the rice chromosomes is available at
http://www.shigen.nig.ac.jp/barley/.
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S 3 - BREEDING METHODOLOGIES II - GENOMICS

New Insights into the Organization and Evolution of Genomes
in the Tribe Triticeae

J. Dvorak

Department of Agronomy and Range Science, University of California,
Davis, CA 95616 USA

Abstract

Comparative linkage mapping indicated a high conservation of synteny across Triticeae and the
grass family, leading to suggestions that cereal genomes can be treated as a single, largely
collinear entity. To investigate the organization of the gene repertoire in wheat and to obtain
better assessment of synteny in cereal genomes, gene loci detected by approximately 8000 EST
unigenes were mapped in a collaborative mapping project into 159 bins covering the entire
length of the 21 wheat chromosomes. Recombination rate was shown to increase from the
centromere to telomere along wheat chromosome arms. A number of genomic parameters
correlated with recombination rate, suggesting that recombination rate has played the central
role in genome evolution in the tribe. Synteny between collinear wheat homoeologous
chromosomes correlated negatively with recombination rate; it was the highest in the proximal
chromosome regions and declined in the distal direction. The rates of locus deletion and locus
duplication along the chromosomes of wheat diploid ancestors were estimated. Both rates
correlated highly with recombination rate. An unexpectedly high rate of turnover and
divergence of gene repertoire in otherwise collinear wheat chromosomes were discovered,
particularly in the high recombination regions of chromosomes. Caution is therefore advocated
in assuming synteny between homoeologous chromosomes, particularly in high-recombination
regions, across Triticeae or the grass family.

Keywords: gene deletion; gene duplication; genome evolution; wheat

Introduction

Barley and wheat have traditionally been classified into different subtribes of the tribe
Triticeae, reflecting the general sense that they represent ancient evolutionary lineages in the
tribe. Molecular studies substantiated this believe and timed the divergence of barley and wheat
from 11 to 15 million years ago (MYA) (HUANG et al. 2002; RAMAKRISHNA et al. 2002;
AKHUNOV & DVORAK 2004). In contrast to this antiquity of barley and wheat divergence,
comparative linkage mapping of the barley and einkorn wheat genomes revealed only three
paracentric inversions and one reciprocal translocation perturbing the collinearity of their
chromosomes (DUBCOVSKY et al. 1996). Comparative linkage mapping indicated
conservation of synteny across the entire grass family, leading to the suggestion that, for the
purpose of gene discovery and gene isolation, cereal genomes can be treated as a single, largely
collinear entity (DEVOS & GALE 1997). For example, a locus for resistance to a disease
identified in the barley genome should be present in rice and could be isolated by cross-
referencing the two genomes (KILIAN ef al. 1997). The first attempt to exploit this idea and to
isolate the barley rust resistance gene Rpg/ by presumed barley-rice synteny was unsuccessful
(HAN et al. 1999). While synteny was clearly apparent in the targeted chromosomal region,
the resistance gene was not detected in the rice genome.
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To obtain a more detailed picture of synteny in Triticeae and across the grass family,
the wheat genetic community in the USA initiated a collaborative effort aiming at the
development of wheat ESTs and mapping loci detected by them in each of the three wheat
genomes. Over 100,000 ESTs were developed and assembled into contigs (unigenes), each
representing a gene motif. Using a set of 159 overlapping deletions entirely covering the length
of the 21 chromosomes of Chinese Spring wheat (7. aestivum) (QI et al. 2003) genes detected
by approximately 8000 unigenes were mapped in the wheat A, B, and D genomes
(http://wheat.pw.usda.gov/cgi-bin/westsgl/map _locus.cgi).

Material and Methods

EST Deletion Mapping and Synteny Assessment

A total of 101 7. aestivum (genomes AABBDD) 'Chinese Spring' deletion stocks, comprising
159 terminal deletions, and 24 ditelosomic stocks and 21 nullisomic tetrasomic stocks were
used in EST mapping (QI ef al. 2003). The breakpoint of each deletion was expressed as a
fraction of the chromosome arm length. Overlapping deletions delimited a physical region on a
chromosome arm called a bin. The most proximal bin in each arm was delimited by the most
proximal breakpoint and by the centromeric breakpoint in the relevant Chinese Spring
ditelosome. A total of 159 bins were delimited by the breakpoints in the 21 wheat
chromosomes.

DNA was isolated from individual plants of the deletion stocks, nulli-tetrasomic stocks,
and ditelosomic stocks, digested with EcoR 1 and fractionated in 1% agarose gels. Southern
blots were hybridized with single cDNA (EST) clone per unigene and restriction fragments
were allocated into bins (QI et al. 2003). Mapping data including images of autoradiograms
and summaries of restriction fragment allocation into bins were deposited into the wEST public
database (http://wheat.pw.usda.gov/cgi-bin/westsql/map_locus.cgi).

Mapping data for 1,993 EST unigenes, for which most restriction fragments were
mapped in the three wheat genomes, were extracted from this database. Mapping data for 3,206
loci in the wheat A and D genomes were examined for synteny (AKHUNOV & DVORAK
2004). For each locus showing perturbed synteny, it was determined if the perturbation was
caused by locus deletion or duplication and at which point of Triticeae radiation the event
originated (AKHUNOV & DVORAK 2004).

Recombination Rate

Recombination rates, expressed as coefficients of exchange (CEs, cM/Mb) were derived from
estimates of genetic lengths of bins in ¢cM divided by estimates of bin lengths in Mb
(AKHUNOV et al. 2003a; AKHUNOV et al. 2003b). Briefly, the midpoints of 159 bins were
grouped according to the relative physical distance of bin midpoint from the centromere into
six equal intervals, each 0.17 of the average chromosome arm. The CEs of bins grouped into
the same interval across all wheat chromosome arms were averaged to obtain an estimate of
CE in the interval.

Divergence Time Estimation

The divergence time of barley and wheat, the progenitors of the wheat A and D genomes, T.
urartu (DVORAK et al. 1993) and Ae. tauschii (KIHARA 1944; MCFADDEN & SEARS
1946), and the time of the origin of tetraploid wheat (7. dicoccoides, genomes AABB) were
determined in the following manner (for details see (AKHUNOV & DVORAK 2004)).
Divergence time of the 7. wurartu and Ae. tauschii lineages was estimated from intronic
nucleotide sequences of ATP-dependent metalloprotease (ADM) and seed maturation protein
(SMP) and the divergence time of barley and wheat was estimated from exonic sequences.
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Divergence time of major grass subfamilies, set at 55 MYA (KELLOGG 2001), was used to
calibrate the exonic clock.

Because estimates of divergence time for closely related species, such as 7. urartu and
Ae. tauschii, can be greatly biased by polymorphism, haplotype polymorphisms was
considered in the estimates. A total of 1.2 to 1.5 kb of the intronic and exonic sequence were
determined for ADM and 1.0 kb of the intronic and exonic sequence of SMP in 7. urartu, Ae.
tauschii, and H. vulgare. Genomic sequences were amplified by PCR and the products were
directly sequenced using the PCR primers. Haplotype variation was investigated in 226 Ae.
tauschii plants, 315 T. urartu plants, and 96 H. vulgare plants. The net nucleotide substitutions
between haplotype group means were computed using the Kimura 2-parameter (MEGA v 2.1
software) using distance option considering only synonymous and intronic sites.

The time of wild emmer wheat origin was inferred from the number of locus
duplications that originated at the polyploid level relative to the number of locus duplications
that originated since the 7. urartu-Ae. tauschii divergence (AKHUNOV & DVORAK 2004).

The number of locus deletion and duplication events detected in Chinese Spring wheat
that originated during the divergence of the diploid ancestors of the wheat A and D genomes
was expressed per locus MY ™. For the A-genome loci, time period from the divergence of the
A and D genomes (2.8 MYA) to the origin of wild emmer wheat (0.24 MYA) was used. For
the D-genome loci, time period from the divergence of the A and D genome to the origin of
hexaploid wheat (8,000 YA, NESBITT & SAMUEL 1996) was used.

Results and Discussion

Organization of Gene Repertoire in the Wheat Genomes

Earlier linkage mapping of the barley and wheat genomes by Southern hybridization of random
genomic (Pstl) and ¢cDNA clones indicated a high locus redundancy in both species
(ANDERSON et al. 1992; KLEINHOFS et al. 1993; DUBCOVSKY et al. 1996). This was
substantiated by wheat EST unigene mapping (AKHUNOV et al. 2003b). At least a quarter of
all gene motifs in wheat genomes are represented by sets of duplicated loci (paralogous sets),
which originated by duplication and dispersion of genes across genomes via a currently
unknown process (AKHUNOV et al. 2003b).

Recombination rate (¢cM/Mb) was shown to increase along the centromere-telomere
axis of the average wheat chromosome arm with the square of distance from the centromere (
LUKASZEWSKI & CURTIS 1993; AKHUNOV et al. 2003b; DVORAK et al. 2003). Several
genomic parameters were shown to correlate with recombination rate. Genes present only once
in a genome were located largely in the proximal, low-recombination regions whereas multi-
gene loci were located predominantly in distal, high-recombination regions (AKHUNOV et al.
2003b). Gene density along the average wheat chromosome arm increased about four-fold in
the proximal-to-distal direction and the increase correlated with recombination rate
(AKHUNOV et al. 2003b; DVORAK et al. 2003). Duplicated gene loci were distributed non-
randomly; they were concentrated in distal chromosome regions, and their concentration was
greater than could be accounted for by the general increase in gene density along the
centromere-telomere axis of wheat chromosomes (AKHUNOV et al. 2003a; AKHUNOV et al.
2003b). These correlations led to the realization that variation in recombination rates along
wheat chromosomes has played a critical role in the evolution of wheat genomes and has
shaped the structure of wheat chromosomes (AKHUNOV et al. 2003b).

Synteny Erosion along Chromosomes

An insertion of a duplicated locus into a chromosome region perturbs the synteny in that
region. Hence, the tendency of duplicated loci to accumulate in distal, high-recombination
regions of wheat chromosomes should result in more frequent perturbations of synteny
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between otherwise collinear homoeologous chromosomes in distal, high recombination regions
than in proximal, low-recombination regions (AKHUNOV et al. 2003b). To test this
hypothesis, mapping data for 1,993 EST unigenes, for which most restriction fragments were
mapped in the three wheat genomes, were extracted from the wEST database and synteny
between the wheat A, B, and D genomes was examined in a pair-wise fashion (AKHUNOYV et
al. 2003a). Synteny was close to 100% in proximal, low-recombination regions of wheat
chromosomes. In distal, high-recombination regions, only about 92% of loci were syntenous
among the three wheat genomes. The decline of synteny along the centromere-telomere axis of
wheat chromosomes correlated with the increase in recombination rate along chromosomes.
The level of synteny perturbations in distal, high recombination regions of wheat
homoeologues was unexpectedly high, considering that these genomes diverged only about 2.8
MYA (AKHUNOV & DVORAK 2004).

Gene Deletion and Duplication Rates

To characterize the underlying causes of wheat chromosome synteny erosion, mapping data for
3,206 loci in the wheat A and D genomes were examined for synteny. It was determined for
each locus showing perturbed synteny if the perturbation was caused by locus deletion or
duplication and at which point of Triticeae radiation the deletion or duplication originated.
Locus deletion and duplication rates per locus MY were computed both for the diploid and
polyploid levels (AKHUNOV & DVORAK 2004). Since rates obtain for the diploid level are
more relevant for this conference than those obtained for the polyploid level, only rates for the
diploid level will be discussed here.
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Fig. 1. Deletion and duplication rates per gene locus MY relative to recombination rate in cM
Mb™! during the divergence of the 7. urartu (A genome) and Ae.tauschii (D genome) lineages.
The centromere of the average chromosome arm is at 0.0 and the telomere is near 1.0. A solid
line represents a linear regression of locus duplication rate on recombination rate and a dashed
line represents a linear regression of locus deletion rate on recombination rate. Linear
regression equations and R’s for each correlation are also shown. (Adapted from AKHUNOV
& DVORAK 2004)
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Both locus deletion rates and locus duplication rates correlated highly with recombination rates
along the average chromosome arm (r = 0.93 for deletions and r = 0.9 for duplications). The
regression of duplication rate on recombination rate expressed per locus MY™ (Fig. 1)
quantified the relationship between duplicated locus accumulation and recombination rate that
was suggested earlier (AKHUNOV et al. 2003a; AKHUNOV et al. 2003b). Loci in distal,
high-recombination chromosome regions were also subjected to greater deletion rates than loci
in proximal, low-recombination regions. These relationships account for the greater erosion of
synteny in distal chromosome regions than in proximal chromosome regions that was observed
earlier in the A, B, and D genome chromosomes (AKHUNOV et al. 2003a).

Gene Repertoire Turnover

For additional quantitative analyses, the average wheat chromosome arm was divided into two
intervals containing approximately equal numbers of gene loci, the proximal, low-
recombination interval and the distal, high-recombination interval. The rates of locus deletion
and locus duplication were estimated for each interval (AKHUNOV & DVORAK 2004).
Using 12.5 MY for the barley-wheat divergence time, and the equation for exponential growth
of gene repertoire by locus duplications, G(t) = G,e” , where G(?) is the size of gene repertoire
at time ¢, G, is the initial size of gene repertoire, )is a locus duplication rate constant, and ¢ is
time in MY, indicated that the distal, high-recombination interval of wheat and barley
homoeologous chromosomes each acquired 6% new loci since barley-wheat divergence. Using
an equation for exponential decline by locus deletions (AKHUNOV & DVORAK 2004), a
total of 8% of all duplicated loci in this interval were deleted both from the wheat genomes and
the barley genome. Even gene loci present only once per genome are being deleted with a high
rate. A deletion rate constant of 5.3 x 10” locus MY for these loci (AKHUNOV &
DVORAK 2004) indicated that a total of 6% of these loci have been deleted from both the
barley genome and the wheat genomes since the barley-wheat divergence. The function of
these genes was examined using GenBank and other databases (AKHUNOV & DVORAK
2004). For 60% of the genes, no corresponding sequences were detected in the databases or
their function was unknown. We speculate that most of these genes evolved recently by
duplication and divergence. The remaining 40% of deleted gene motifs consisted of genes
involved in biotic and abiotic stress responses and seed development.

Practical Considerations

Synteny between homoeologous chromosomes in Triticeae has been eroded by deletions and
insertions of individual loci. Because this process is independent of structural chromosome
evolution, homoeologous chromosomes may appear collinear even though their synteny may
be poor. The quantification of locus deletion and duplication rates in the Aegilops-Triticum
alliance showed that the rate of gene repertoire turnover by locus duplications and deletions is
of such a high magnitude that, if the barley genome were evolving with the same rate as the
genomes in the Aegilops-Triticum alliance, synteny in distal, high-recombination regions of
barley and wheat homoeologous chromosomes would be perturbed for as many as a quarter of
the loci. Yet, such homoeologous regions may appear entirely collinear. Because of selection
constrains, deletions of loci present only once per genome involve mostly dispensable loci.
Unfortunately, many economically important loci, such as those controlling disease resistance,
abiotic stress responses, and grain quality traits fall into this category. Data obtained by
analyses of wheat ESTs show that these loci are deleted with unexpectedly high rates. A great
deal of caution should therefore be exercised in assuming synteny for economically important
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genes across Triticeae and across the grass family, particularly for loci in distal, high-
recombination regions of chromosomes.

Acknowledgements
This work was supported by the National Science Foundation of the United States of America
under Plant Genome Research Program Contract Agreement No. DBI-9975989.

References

AKHUNOV E. D., AKHUNOV A. R., LINKIEWICZ A. M., DUBCOVSKY J., HUMMEL
D., LAZO G., CHAO S., ANDERSON O. D., DAVID J., QI L. L., ECHALIER B., GILL B.
S., MIFTAHUDIN, GUSTAFSON J. P, LA ROTA M., SORRELLS M. E., ZHANG D.,
NGUYEN H. T., KALAVACHARLA V., HOSSAIN K., KIANIAN S., PENG J., LAPITAN
N. L. V., WENNERLIND E. J., NDUATI V., ANDERSON 1J. A., SIDHU D., GILL K.,
MCGUIRE P. E., QUALSET C. O. DVORAK J. (2003a): Synteny perturbations between
wheat homoeologous chromosomes by locus duplications and deletions correlate with
recombination rates along chromosome arms. Proc. Natl. Acad. Sci. USA, 100: 10836-10841.

AKHUNOV E. D., DVORAK J. (2004): Recombination rate, gene deletion and duplication
rates, and the evolution of gene repertoire along chromosomes. Science, submitted.

AKHUNOV E. D., GOODYEAR J. A., GENG S., QI L.-L., ECHALIER B., GILL B. S.,
MIFTAHUDIN, GUSTAFSON J. P., LAZO G., CHAO S., ANDERSON O. D., LINKIEWICZ
A. M., DUBCOVSKY J., LA ROTA M., SORRELLS M. E., ZHANG D., NGUYEN H. T.,
KALAVACHARLA V., K. H., KIANIAN S. F., PENG J., LAPITAN N. L. V., GONZALEZ-
HERNANDEZ J. L., ANDERSON J. A., CHOI D.-W., CLOSE T. J., DILBIRLIGI M., GILL
K. S., WALKER-SIMMONS M. K., STEBER C., MCGUIRE P. E., QUALSET C. O.
DVORAK J. (2003b): The organization and rate of evolution of the wheat genomes are
correlated with recombination rates along chromosome arms. Genome Res., 13: 753-763.

ANDERSON J. A., OGIHARA Y., SORRELLS M. E. TANKSLEY S. D. (1992):
Development of a chromosomal arm map for wheat based on RFLP markers. Theor. Appl.
Genet., 83: 1035-1043.

DEVOS K. M., GALE M. D. (1997): Comparative genetics in the grasses. Plant Mol. Biol., 35:
3-15.

DUBCOVSKY J., LUO M. C., ZHONG G. Y., BRANSTEITTER R., DESAI A., KILIAN A.,
KLEINHOFS A. DVORAK 1J. (1996): Genetic map of diploid wheat, Triticum monococcum
L., and its comparison with maps of Hordeum vulgare L. Genetics, 143: 983-999.

DVORAK J., AKHUNOV A. D., AKHUNOV A. R.,, LUO M. C., LINKIEWICZ A. M.,
DUBCOVSKY J., HUMMEL D., LAZO G., CHAO S., ANDERSON O. D., DAVID J., QI L.
L., ECHALIER B., GILL B. S., MIFTAHUDIN, GUSTAFSON 1J. P, LA ROTA M.,
SORRELLS M. E., ZHANG D., NGUYEN H. T., KALAVACHARLA V., HOSSAIN K.,
KIANIAN S. F., PENG J. H., LAPITAN N. L. V., WENNERLIND E. J., NDUATI V.,
ANDERSON J. A, SIDHU D., GILL K. S., CHOI D.-W., CLOSE T. J., MCGUIRE P. E.
QUALSET C. O. (2003): New insights into the organization and evolution of wheat genomes,
in 10th Inernatl. Wheat Genet. Symp., edited by POGNA, N. E., ROMANO, M., POGNA, E.
A. and GALTERIO, G. S.LM.I, Rome, Italy, Paestum, Italy, 261-264.

91
9™ International Barley Genetics Symposium, Brno, Czech Republic, 20-26 June 2004



DVORAK J., DI TERLIZZI P., ZHANG H. B. RESTA P. (1993): The evolution of polyploid
wheats: Identification of the A genome donor species. Genome, 36: 21-31.

HAN F., KILIAN A., CHEN J. P.,, KUDRNA D., STEFFENSON B., YAMAMOTO K.,
MATSUMOTO T., SASAKI T. KLEINHOFS A. (1999): Sequence analysis of a rice BAC
covering the syntenous barley Rpgl region. Genome, 42: 1071-1076.

HUANG S., SIRIKHACHORNKIT A., SU X., FARIS J., GILL B. S., HASELKORN R.
GORNICKI P. (2002): Genes encoding platid acetyl-CoA carboxylase and 3-phopshoglycerate
kinase of the Triticum/Aegilops complex and the evolutionary history of polyploid wheat.
Proc. Natl. Acad. Sci. USA, 99: 8133-8138.

KELLOGG E. A. (2001): Evolutionary history of the grasses. Plant Physiol., 125: 1198-1205.

KIHARA H. (1944): Discovery of the DD-analyser, one of the ancestors of Triticum vulgare
(Japanese). Agric. and Hort. (Tokyo), 19: 13-14.

KILIAN A., CHEN J. P., HAN F., STEFFENSON B. KLEINHOFFS A. (1997): Towards
map-based cloning of the barley stem rust resistance genes Rpgl and rpg4 using rice as an
intergenomic cloning vehicle. Plant Mol. Biol., 35: 187-195.

KLEINHOFS A., KILIAN A., MAROOF M. A. S., BIYASHEV R. M., HAYES P., CHEN F.
Q., LAPITAN N., FENWICK A., BLAKE T. K., KANAZIN V., ANANIEV E., DAHLEEN
L., KUDRNA D., BOLLINGER J., KNAPP S. J., LIU B., SORRELLS M., HEUN M.,
FRANCKOWIAK J. D., HOFFMAN D., SKADSEN R. STEFFENSON B. J. (1993): A
molecular, isozyme and morphological map of the barley (Hordeum vulgare) genome. Theor.
Appl. Genet., 86: 705-712.

LUKASZEWSKI A. J., CURTIS C. A. (1993): Physical distribution of recombination in B-
genome chromosomes of tetraploid wheat. Theor. Appl. Genet., 84: 121-127.

MCFADDEN E. S., SEARS E. R. (1946): The origin of Triticum spelta and its free-threshing
hexaploid relatives. J.Hered., 37: 81-89, 107-116.

NESBITT M., SAMUEL D. (1996): From staple crop to extinction? The archaeology and
history of hulled wheats, in Hulled Wheats. Promoting the conservation and use of
underutilized and neglected crops. 4. Proc. 1st Internatl. Workshop on Hulled wheats., edited
by PADULOSI, S., HAMMER, K. and HELLER, J. International Plant Genetic Resources
Institute, Rome, Italy, Castelvecchio Pacoli, Tuscany, Italy, 41-100.

QIL. L., ECHALIER B., FRIEBE B. GILL B. S. (2003): Molecular characterization of a set of
wheat deletion stocks for use in chromosome bin mapping of ESTs. Funct. Integr. Genomics,
3:39-55.

RAMAKRISHNA W., DUBCOVSKY J., PARK Y. J., BUSSO C., EMBERETON 1J.,
SANMIGUEL P. BENNETZEN 1J. L. (2002): Different types and rates of genome evolution
detected by comparative sequence analysis of orthologus segments from four cereal genomes.
Genetics, 162: 1389-1400.

92
9™ International Barley Genetics Symposium, Brno, Czech Republic, 20-26 June 2004



Current Perspectives in Barley Genomics (2004)

R. Waugh, D. Caldwell, N. Rostoks, A. Druka, I. Druka, D. Marshall, G. Muehlbauer,
J. Russell and L. Ramsay

Genome Dynamics, Scottish Crop Research Institute, Invergowrie, Dundee,
DD2 5DA, UK

(with contributions from Tim Close, Roger Wise, Andris Kleinhofs, Julie Dickerson and Pat
Hayes (USA), Andreas Graner (IPK Gatersleben, Germany), Thomas Koprek (MPI-Koln,
Germany), Alan Schulman (MTT & Uni. of Helsinki, Finland), Peter Langridge (Uni. of
Adelaide, Australia) and Kaz Sato (Okayama Uni., Japan)

Introduction

In the proceedings of the 8th IBGS held in Adelaide in 2000 I presented a largely prospective
view of the genomics tools and resources that had begun to be developed by a group of
international laboratories that had received funding to seize the emerging ‘genomics
opportunity’. In this report I have the prospect of providing a retrospective update, current
status and outcomes of this genomics resource development exercise and some preliminary
examples of how these resources are already being exploited in my own and other laboratories.
After reading, I hope you will agree that the progress has been impressive. I need to stress
from the outset that it is my intention to extol the virtues of what in my view became a unique
and effective collaboration on a global scale and congratulate those directly involved for
having the vision to look outside their own project objectives and openly and unselfishly
embrace the bigger picture.

The primary reason why the genomics resources developed by the global barley research
community have emerged so quickly is the paucity of commercial research interest in barley as
a high value commodity. Lack of commercial interest has led to a lack of activity in the
genomics arena and provided an environment where collaborative efforts could be pursued
openly in the public domain for the benefit of the entire research community and,
paradoxically, those interested from the commercial sector. Because of this I conclude that
barley research is somewhat unique within the major cereals. A true diploid inbreeder with
seven pairs of chromosomes, it has had a long history of genetical research. Promoted by
many as a model for its more complex and commercially important relative wheat, this
proposal has not yet been embraced. It has a well-established classical gene map
(FRANCKOWIAK et al. 1996). Over the last 13 or so years this has been supplemented with
a large number of molecular marker-based maps that have been used to locate single gene and
complex traits and provide diagnostics for marker assisted selection (MAS) that are currently
being deployed in both publicly funded and commercial programs. Historically, chemical and
irradiation mutagenesis procedures were widely adopted in barley. These have resulted in over
900 published descriptions of mutants with many more uncharacterized lines in private
collections (see http://ace.untamo.net/). Prior to the Adelaide meeting, several large insert
YAC and BAC libraries had been constructed and these have been used by forward genetics
approaches to clone a number of target genes including Mlo, Mla, Rpgl, Rpg5, Rorl and Rarl.
In addition, the sequencing of the rice genome has had and will increasingly have a major
impact on barley genetics research, changing the way we plan and execute experiments,
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realising the candidate gene approach and in many cases circumventing the time consuming
and costly need for extensive genetic studies prior to gene identification.

In the following summary I have broken down the development of genomics tools and
resources into major topic areas that I hope provide clarity. Some pieces of work I describe are
effectively ‘finished’. However, as they may be implicit for the development of other areas |
cover | have included them for the sake of completeness. Much of what I describe are the
deliverables from what was proposed four years ago. I will not attempt to cover the biological
questions that these resources are currently being applied. I have however also included some
emerging data and novel concepts, and would like to thank my colleagues throughout the
community for providing access to exciting information in advance of publication.

Gene Discovery

High throughput single-pass sequencing of cDNA clones to generate collections of expressed
sequence tags, or ESTs, remains the fastest route to gene discovery in large genome species. It
circumvents the problems associated with sequencing extensive tracts of non-coding and
repetitive DNA and focuses on transcribed and functional sequences that have direct biological
relevance. Over the last four years, ESTs have become the foundation of barley genomics
providing a substrate for the wide range of activities. Five major efforts in the USA, Finland,
Germany, Japan and Scotland have contributed to the current (15.02.04) total of 377,074 ESTs
available in dbEST (352,924 from H. vulgare ssp. vulgare and 24,150 from H. vulgare ssp.
spontaneum; see http://www.ncbi.nlm.nih.gov/dbEST/ or http://www.harvest.ucr.edu/). These
ESTs have been derived from 84 independent cDNA libraries covering most of the major
barley tissue types, including those subjected to biotic or abiotic stress. Table 1 gives a
comparison of this collection with those from other species. Bioinformatics based clustering
and assembly of the entire EST collection (http://www.harvest.ucr.edu/, assembly 31, version
1.12) compresses the size of the collection to 26,747 contig (ie multiply represented or
redundant) and 27,062 singleton sequences (Note: HarvEST V. 1.19 has major improvements
in the annotations). It is difficult to estimate exactly what percentage of the total number of
barley genes these figures represent. However, we can get an impression by comparison to
Arabidopsis where 178,000 ESTs in dbEST revealed only 16,115 strong matches with
annotated genes on the complete genome sequence (ie ~60%). A guestimate would therefore
suggest that the current barley EST collection contains 50 — 80% of all barley genes assuming
a gene content of approximately double that of Arabidopsis. Given the level of conserved
synteny at the sequence and genome level the ESTs from related species such as wheat are a
valuable extension to this collection. To date there are only a couple of reports that attempt to
interpret the gene expression information inherent in these collections (MICHALEK et al.
2002; LIU et al. submitted).

As far as the authors know, there are no additional ongoing EST sequencing projects that will
significantly alter these figures in the foreseeable future. We therefore predict that additional
gene content information is more likely to come from projects funded to adopt the genome
filtration based approaches (or similar) that are currently being pursued by the US Maize
community (WHITELAW et al. 2003; PALMER et al. 2003) or on a gene by gene basis from
targeted programs using the rice (or wheat if the IGROW proposal goes ahead) genomic
sequence as a template for gene discovery.
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Summary of Plant EST collections numbering over 100K entries (March 19, 2004)
Triticum aestivum (wheat) 549,915
Zea mays (maize) 391,145
Hordeum vulgare (barley) 380,998
Glycine max (soybean) 344,524
Oryza sativa (rice) 266,949
Saccharum officinarum (sugarcane) 246,301
Arabidopsis thaliana (thale cress) 196,904
Medicago truncatula (barrel medic) 187,763
Sorghum bicolor (sorghum) 161,766
Lycopersicon esculentum (tomato) 150,410
Vitis vinifera (grapevine) 135,712
Solanum tuberosum (potato) 132,122
Pinus taeda (loblolly pine) 110,622

These barley (and indeed other Triticeae) EST sequences provide a firm foundation for much
of the current efforts in genomics that I will attempt to cover in the following sections:

Gene-Based Marker Discovery and Comparative Genomics

Over the last decade the development of PCR-based molecular markers has had a profound
impact on barley research and practical implementation. These have emerged largely in the
popular form of functionally anonymous but easy to assay and highly informative single locus
simple sequence repeats (SSRs). EST resources provide a valuable DNA sequence resource
that is rich source of potential markers. Already the collection is brokering the change from
anonymous to potentially ‘functional’ markers. In general the new markers fall into three
distinct classes:

* RFLPs: RFLP continue to provide a robust and high value marker system that can be
based on either random genomic or gene sequences (in the form of cDNAs). Mapping
a large amount of sequenced cDNA based RFLP markers has been a focus of a two
main groups, the IPK-Gatersleben and Washington State University Group in Pullman,
USA. Currently over 1000 barley genes have been mapped in reference populations
(Steptoe x Morex, OWBa x OWBD and Igri x Franka).

e EST-SSRs: SSRs are found at high frequency in EST sequences and are identifiable in
between 5 and 10% of the entries in the complete cereal EST collections (Cardle et al,
2000). Several papers already describe the development of collections of EST-SSRs
(PILLEN et al. 2000; KOTA et al. 2001; Thiel et al 2003) that supplement the existing
collection of genomic SSRs (Ramsay et al. 2000). In general the former appear to be
less polymorphic but more robust and easier to categorise alleles, perhaps because of
the repeat size and conservation of the primer binding sites, which can frequently be
embedded in coding sequences. Currently, over two hundred EST-SSRs have been
located onto the barley genetic map.

» Single nucleotide polymorphisms (SNPs): SNP’s are the most abundant form of
polymorphism in both plant and animal genomes and importantly provide an
opportunity to move away from gel based electrophoretic assays towards highly
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multiplex non gel-based genotyping platforms. We are aware of at least four projects
that are focussed on the discovery of a large number of SNPs in, or associated with,
genes in the barley genome. Preliminary data have been published already by the IPK-
Gatersleben group (KOTA et al. 2001, 2003) with additional data either in preparation
or in press. However unpublished data from the IPK, University of California -
Riverside / SCRI collaboration indicate that SNPs in approximately 400 and 1200
genes respectively have already been discovered and validated with a combined total of
some 400 already mapped. An additional 18 EST-SNPs have been mapped at MTT.
Finally in Okayama University, a PCR based EST map on the Haruna Nijo/H602
population with more than 1,000 markers from the Japanese barley unigene set has
been developed.

The value of these markers is highly significant. They form a direct link to the rice genome
sequence, which is figuring more and more in gene-focussed studies in barley such as the
identification of candidate genes for either simple or complex traits. Thus, having mapped a
trait in barley to a given location on the barley genetic map, with gene based markers it is
relatively straightforward to identify the orthologous location in rice using user-friendly web
based informatics tools such as those available at Okayama or at TIGR
(http://www.shigen.nig.ac.jp/barley/, http://www.tigr.org/cgi-bin/htsearch). These
bioinformatics resources can be exploited to identify a further source of candidate genes or
additional gene-based markers for closing in on the gene in barley. As a warning this cross-
species approach should proceed with caution as frequent genomic rearrangements can cause
complications. Genome wide data from the IPK-Gatersleben group and saturation of a ca. 35
cM region by the Kleinhofs group suggested that only approximately 60% and 50%,
respectively, map to the orthologous region in rice. Finally, innovative approaches using the
new Affymetrix Barleyl GeneChip to detect single feature polymorphisms are also being
explored which if successful will provide an unprecedented volume of data for both genetic or
physical mapping exercises.

Integrating Genetic and Physical Maps

The development of a whole genome clone-based physical map of the barley genome has been
discussed widely by the barley genomics community and several attempts have been made to
obtain the level of funding required to pursue this task. Until recently, physical mapping has
largely focused on models such as Arabidopsis (Arabidopsis thaliana L.) and rice (Oryza
sativa L.) because they have relatively small genomes, 150 and 340 Mbp/1C, respectively. In
large genome crop species like barley (5300 Mb), with most of the genome comprised of
repeated sequences, clone-based physical mapping is a major challenge. However with
technological advances, such as multiple fluorescence fingerprinting using commercially
available SNaPshot technology (LUO et al. 2003), physical maps of other larger genome
species are already under construction (e.g diploid wheat, maize, tomato, potato, brassicas etc).
The Close lab at University of California Riverside has recently received funding to address
this challenge in barley using the widely distributed cv. Morex BAC library and work is now
underway. The outcome will be particularly valuable, allowing thousands of genes to be
mapped rapidly and at high resolution by PCR or hybridization and circumventing the major
requirement of meiotic mapping for polymorphic genetic markers. BACs hybridizing to
thousands of ‘overgo’ probes designed to EST clones are being identified and "contigs" of
overlapping clones assembled to (hopefully) span the entire gene rich regions of the barley
genome. Intrinsically, clone based physical mapping is attractive because it is regarded as
enhancing the molecular genetics of an organism as it serves as an archive of genomic
information. Ultimately, construction of a ‘joined up’ whole genome physical map will almost
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certainly involve integrating data generated from a number of approaches. For example, using
a deletion mapping approach similar to that successfully used in wheat to map thousands of
ESTs (NSF funded), the laboratory of Prof. T. Endo in Japan has used gametocidal
chromosome 2C derived from Aegilops cylindrica in single barley chromosome addition lines
of common wheat to generate panels of lines containing uniquely fragmented barley
chromosomes which can be used to physically map barley genes to sub-chromosomal segments
of the barley genome (MASOUDI-NEJAD and ENDO, personal communication). These lines
are currently being used to physically map barley ESTs by simple PCR-based assays. Such
approaches will serve to link independent BAC contigs that cannot be assigned an order by
physically locating them at a greater physical scale. Integrated physical and genetic maps will
be extremely valuable for map-based gene isolation, comparative genome analysis, and as
sources of sequence ready clones for genome sequencing projects.

Platform Technologies for Assessing Gene Expression

A number of methodologies now make parallel assessment of the expression of thousands of
genes in a cell, tissue, organ, timepoint or treatment possible in a single experiment. They fall
into to two classes that I will term open and closed. Both rely to a greater or lesser extent on
the extensive EST collections that have been developed. Micro-arrays are closed systems as it
is only possible to monitor the expression of the features that are on the chip. In barley,
microarrays have been developed both from spotting cDNA clones (SREENIVASULU et al.
2003, 2004) and latterly via the development of an Affymetrix GeneChip (Barleyl) (CLOSE et
al. 2004). 1 will only cover the latter as it represents — in my view — a major advance over all
other crop plants (other than rice in the commercial sector) because it will facilitate global
integration of data from a range of disparate experiments conducted in diverse locations. The
Barleyl array was derived from the total collection of ESTs referred to above along with all
1,145 barley genes from the NCBI non-redundant database. It represents 22,792 barley genes
comprised of 11 perfect match 25 mer oligos and 11 mis-match 25-mer oligos containing a
base substitution at the 13™ nucleotide position per gene - along with a host of controls. It also
includes probes for commonly used transgene sequences. The sequences represented on the
array can be viewed at http://barleypop.vrac.iastate.edu/BarleyBase/probealign.php (within
http://barleybase.org/) and through HarvEST:Barley (see V.1.19). In the past 12 months, the
Barleyl GeneChip has been validated by hybridization with labeled cRNA from over 100
treatments, involving at least ten laboratories on four continents. Treatments included
contrasting developmental stage, tissues, genotype, abiotic and biotic stresses that reveal
>22,000 probe sets corresponding to genes expressed above background in one or more
conditions. The performance of the Barleyl GeneChip is consistent with other Affymetrix
GeneChip probe arrays with respect to low false change rate (0.13-0.16%) for technical
replicates and a 100,000-fold linear detection range (CLOSE et al. 2004). These experiments
confirm its high technical specification and as with similar arrays in other species, illustrate the
need for biological replication in array based experiments. In addition the array has been
assessed for its ability to monitor gene expression in a range of related cereals (see Close et al.
2004 for details). To facilitate greater exploitation of the data from these experiments,
BarleyBase (http://barleybase.org/) a public access functional genomics resource has been
developed to 1) Archive expression data and 2) Allow individual researchers to remotely
interrogate data from profiling experiments conducted by researchers worldwide. To facilitate
the use of this resource the barley genomics community has co-funded a large experiment to
profile gene expression in various tissues throughout barley development. It is envisaged that
the data from this experiment will serve as a reference to assist in the interpretation of future
array based research.
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In contrast to microarrays, approaches such as SAGE and MPSS are open systems that
effectively ‘sample’ the entire transcriptome irrespective of its composition of mRNAs. Both
approaches are based on deriving and counting short sequence ‘tags’ from large libraries
assembled from the total mRNA pool. These are both very powerful approaches, but are
technically demanding and quite expensive (in comparison to microarrays which can
themselves be expensive). They rely on extensive EST data (preferably genome sequence
data) for interpretation and translation of ‘tag to sequence’. To my knowledge MPSS has not
been applied to barley. SAGE libraries have however been developed and the resulting data
directly compared to data from the Barleyl GeneChip. In general terms the correlation
between the approaches is high. However, even restricting the comparison to the 100 most
abundant transcripts reveals that several messages are expressed that are not represented on the
array. The conclusion is that, no matter how powerful, each technology has certain caveats that
must be considered when interpreting the output data.

Functional Genomics

As an increasing array of genomics-based resources continue to be developed, the
identification of candidate genes for a number of traits is already gathering pace.
Consequently, rapid and high throughput methods for the confirmation and validation of gene
function by targeted gene inactivation are now established priorities. Two complementary
approaches for identifying mutations in target genes either have been or are being developed.

Chemically Induced Structured Mutant Populations

A long recognized large-scale approach for achieving random gene inactivation is to induce
random mutations in a population of plants using chemical or physical mutagens. In barley,
chemical and irradiation mutagenesis procedures have been widely adopted, resulting in over
900 published descriptions of mutants (von WETTSTEIN-KNOWLES 1992) and many more
uncharacterized mutants in private collections. When coupled with recently emerging sensitive
methods for the detection of 'aberrant' DNA fragments in complex PCR-derived mixtures, this
previously random approach becomes amenable to the identification of mutations in targeted
genes by reverse genetics. Recently, strategies deploying chemical mutagens to induce point
mutations in DNA have been described in Arabidopsis and the Acronym TILLING (Targeted
Induced Local Lesions IN Genomes) has been coined (McCALLUM et al. 2000). TILLING
is based on a simple PCR-screen coupled with variants of heteroduplex analysis or mismatch
cleavage to detect mutations in a specified target region.

At SCRI we have generated two structured, chemically-mutagenized populations of the barley
cv. Optic which allow forward and, for the first time, reverse genetics in a large genome crop
species like barley. We have demonstrated the use of this resource by identifying mutations in
a 420 bp open reading frame of the Hordoindoline-a (Hin-a) gene and a number of others that
cannot at this moment be disclosed. The wheat orthologue of Hin-a is Puroindoline-a (Pin-a).
Well-characterised mutations in Pin-a (pin-a) largely determine whether wheat endosperm is
classified as hard or soft and thus specifies its end-user market. Sib analysis of the barley M3
family progenies is currently underway in order to determine whether mutations in Hin-a
similarly influence grain hardness. We are currently screening the population for mutations in
a host of other targets. To aid forward genetic screening, we have documented visible mutant
phenotypes in a web accessible database (http://bioinf.scri.sari.ac.uk/distilling/distilling.html).
The process involved in generating such a population is outlined in figure 1.
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Figure 1. Creation of a structured mutant population. My seed was mutated, propagated, and a
single M, seed was taken forward from each chimeric M, plant. Genomic DNA was isolated
from each M; plant and its M3 seed was archived for sibling analysis and phenotyping.
“Reverse Genetics” screening can be performed on the M, DNA pools or “Forward Genetics”
screens can be performed on the archived M3 seeds.

Transposon-Tagging Populations

The lack of facile and high throughput transformation systems for barley has hindered the
development of large collections of transposon tagged or T-DNA insertion lines that have been
so pivotal for functional genomics in model species. However this situation is changing. Two
programs in the US (P. Lemaux and colleagues) and Europe (T. Koprek and colleagues) are
focussed on the generation of transgenic barley lines containing single copies of a basta
resistance gene (bar) located between the inverted repeats of the maize element Ds (KOPREK
et al. 2001). These effectively dead elements can be brought back to life by crossing with
plants expressing Ac transposase, which allows the elements to transpose in the barley genome
and thus create new insertion mutants. Subsequent crosses allow the Ac and Ds elements to
segregate away from each other and restore stability. 330 confirmed single copy independent
Ds lines are now available in the assembled collection at MPI-Koln with others in the Lemaux
lab in California. However because the Ds element tends to move to linked sites in the
genome, for maximum utility as a generic resource, the genetic location of each of the Ds
elements in each line needs to be established to target the identification of mutations in a
genetically mapped target gene. This is currently the major challenge of this approach.

Reference Genotypes

Barley research — like that of many other crop plants has, in my view, suffered from a lack of
focus by not adopting globally acceptable ‘reference cultivars’ for discovery-based research
and genomic tool development. The power of reference biological material is clearly
evidenced by the massive advances made by the Arabidopsis community by erecting
Landsberg and Columbia ecotypes as globally accepted ‘laboratory strains’. Within a group of
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European organisations assembled under the banner of BarleyGenomeNet, the concept of
establishing specific cultivars as ‘reference genotypes’ has already been accepted. Morex, the
North American malting variety and Golden Promise, a gamma irradiation mutant of the old
cultivar Maythorpe have been highlighted as the key material. The reasons: 1. Probably the
largest collection of genomics tools and resources have been developed using the cv. Morex
(ESTs, BAC library, Steptoe x Morex genetic map etc.) 2. The cultivar Golden Promise is the
most widely used cultivar for genetic transformation (and thus for emerging transformation-
based genomics resource development). A large doubled haploid population of a cross
between Morex and Golden Promise (bi-directional) is currently under development and will
be available for widespread distribution in the coming months. The objective is to fuel more
rapid scientific advance by concentrating genomics resources (at least in the initial phase) on
an integrated set of material.

Emerging Concepts

While there are many exciting emerging concepts, I would like to illustrate one that promises
to embed the advances of high throughput genomics firmly back into a genetics framework.
Recent reports have demonstrated that a significant portion of organismal gene expression is
under genetic control and that quantitative differences in mRNA abundance may account for a
major part of the phenotypic variation observed within and among species. A number of
studies have now validated the potential of using mRNA abundance as a surrogate for classical
quantitative phenotypes and demonstrated strong correlation between the two. For example, in
mice, levels of gene expression determined by a 23,574 oligo array were quantified and the
data for each treated as a quantitative trait. Of the 7,861 genes that were differentially
expressed between the parental strains, standard interval mapping techniques allowed the
authors to map 2,123 as quantitative traits at LOD >4.3. By combining this expression data
with phenotypic data collected from the mice the authors were able to identify gene expression
patterns that were strongly associated with obesity (SCHADT et al. 2003). The use of mRNA
abundance as a surrogate phenotype is currently being explored in plants. In barley both
individual mRNAs with Q-PCR, and populations of mRNAs with the Affymetrix array are
being investigated. In the latter case, preliminary data has shown that ~10% of the 22K genes
on the Barleyl array are differentially expressed in two different barley cultivars. The
potential power of these experiments can be envisaged if it becomes possible to combine
differential gene expression data with the volume of gene based marker segregation data that
could be extracted from the same dataset in the form of SFPs.

In conclusion, I confidently predict that at the next IBGS, most of what I have covered above
will be taken for granted and confined to history. However it will remain reasonable to reflect
on its significance, how it was achieved and the impact it will ultimately make on our
understanding of barley genetics.
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Abstract

Map-based cloning in barley has a brief and recent history. The published work will be
reviewed. In my laboratory, the traditional high-resolution genetic mapping and BAC contig
development resulted in cloning of the stem rust resistance gene Rpg/ and the candidate genes
for rpg4 and Rpg(Q. Synteny with rice provided valuable markers, but chromosome walking
was required to close the BAC contig. A saturation mapping approach, employing low-
resolution genetic mapping combined with physical mapping, was attempted. Synteny with rice
was again used. While the region of interest was highly saturated with genetic markers, the
identified BAC clones failed to form a contig around the gene of interest, in this case the spot
blotch resistance gene Rcs5. Chromosome walking was employed to close the contig. The
examples of barley genes cloned by the map-based approach indicate feasibility, but required
extensive work and a bit of luck. They also illustrate the usefulness and limitations of rice
synteny. A third approach was opened by the development of the 22,700-gene Affymetrix
Barleyl gene chip. We used the Barleyl chip to compare gene expression levels in a fast
neutron induced mutant and its parent cultivar Morex. Two candidate genes were identified by
highly down-regulated gene expression. Low-resolution mapping should differentiate among
genes down-regulated because of limited transcription of the gene of interest and chance
mutations elsewhere in the genome or down-stream effects. Future prospects and limitations of
phenotype-based cloning in barley will be discussed.

Keywords: saturation mapping; physical mapping; disease resistance genes; gene cloning

Introduction

There are many different ways of cloning genes of interest, but if the gene is known only by its
phenotype, then map-based cloning or insertional mutagenesis via transposons or T-DNA,
currently provide the only viable approaches. Gene cloning by insertional mutagenesis has yet
to be demonstrated in barley, although recent progress in developing a transposon based
system has been reported (KOPREK ef al. 2001; KOPREK et al. 2000). Map-based cloning in
barley is also a relatively recent development. With its approximately 5 billion base pair
genome, barley is not an ideal organism for map-based cloning. Nevertheless, it is essential if
we are to isolate and work with the genes that are important and unique to barley. Barley can
also serve as a model organism for other, even more difficult genome Triticeae, such as wheat
and rye.

In principle, map-based cloning is straight-forward. One simply needs to have a high
resolution map of the gene of interest and a large insert clone, such as Bacterial Artificial
Chromosome (BAC), physical contig of the region (Fig. 1). Candidate genes are identified via
sequencing of the region encompassing the gene of interest. Difficulty sometimes arises in
proving that the candidate gene is the actual gene of interest. Two general approaches can be
used, 1) transformation to complement a mutant or to silence the gene in a wild-type via
interference RNA (TIJSTERMAN et al. 2002) and 2) sequencing of mutant and wild-type
alleles to associate sequence differences with the phenotype. Other approaches are more
specific to a particular situation as described below.
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Figure 1. A simplified approach to map-based cloning. Starting with a low-resolution map, a
high-resolution map and a physical contig are developed. The region between the markers
flanking the gene of choice is sequenced and analyzed for candidate genes. Candidate gene are
confirmed or rejected based on sequencing of wild-type and mutant alleles or transformation to
complement a mutant allele or silence a wild-type allele.

The first barley gene to be cloned by the map-based approach was the recessive mlo
gene conferring broad spectrum resistance to Blumeria graminis f. sp. hordei (previously
Erysiphe graminis f. sp. hordei) (BUSCHGES et al. 1997). Starting with an RFLP defined
region of approximately 2.7 cM, the authors saturated the region with markers using the
Amplified Fragment Length Polymorphism (AFLP) technology (VOS ef al. 1995) to generate a
high resolution genetic map to approximately 0.05 c¢cM. This genetic resolution and the
availability of a large insert Yeast Artificial Chromosome (YAC) library, allowed them to
identify a single YAC clone containing Mlo, an approach described as chromosome landing
(TANKSLEY et al. 1995). The candidate gene was identified by sequencing and mRNA
analyses and confirmed by sequencing of 11 mutagen-induced alleles and seven wild-type
alleles from different barley cultivars. Nucleotide substitutions or deletions leading to amino
acid changes or frame shifts were identified in all mutant alleles. The wild-type alleles were all
identical except for a few nucleotide changes in one. These data are sufficient to conclude that
the candidate gene is the Mlo gene, however, the authors went further. They performed inter-
mutant crosses with alleles separated by the fullest extent of the gene. The hypothesis that
recombination would occur between these mutant alleles and generate a wild-type gene
sequence that would confer susceptibility to mildew, was confirmed. This demonstrated a
clever way to confirm the nature of the candidate gene without the need for transgenic
complementation experiments. However, this approach is not available in most cases were the
mutants are fairly rare and are not the allele that confers resistance.
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A somewhat different approach was taken to clone the Rarl (Required for Mla
resistance) gene (SHIRASU ef al. 1999). A YAC clone contig covering approximately 630 kb
was established between flanking RFLP markers. The YAC clones were then used to develop
a BAC library and additional markers to delimit the region to 300 kb. A contiguous DNA
sequence of approximately 66 kb covering most of the markers co-segregating with Rarl was
established and analyzed for candidate genes. Three regions representing possible coding
regions were identified. Comparative sequencing of wild-type and the rarl-1 and rarl-2 alleles
identified one region with one single nucleotide change in each mutant. The G to A
substitution in rarl-1 resulted in Cys to Tyr conversion while the same base substitution in
rarl-2 changed the invariant 3’ splice site of intron 2 from G to A. This resulted in a dramatic
reduction of the mRNA quantity and production of a truncated message confirming the
candidate gene as Rarl. These experiments demonstrate the ability to clone genes even in a
relatively low recombination region.

The development of a high resolution genetic and physical map of the Mla region (WEI
et al. 1999) led to cloning of multiple genes that are found at this locus and confer resistance to
a large number of different pathotypes of the mildew pathogen Blumeria graminis f. sp. hordei
(JORGENSEN 1994). The mapping and physical contig development was a major effort using
RAPD, AFLP, and RFLP markers and a YAC and BAC library to extend the physical contig to
240 kb including the Mla locus (WEI ef al. 1999). This work identified many potential
candidate genes, but the identification of individual genes responsible for resistance to specific
fungal pathotypes was facilitated by the development of a transient assay (reviewed in
(PANSTRUGA 2004). This procedure was used to clone and identify the genes Mlal (ZHOU
et al. 2001), Mla6 (HALTERMAN et al. 2001), Mlal2 (SHEN et al. 2003), Mlal3
(HALTERMAN et al. 2003), Mla7 and Mlal0 (HALTERMAN & WISE 2004).

The barley gene Rpgl conferring resistance to the stem rust pathogen Puccinia
graminis f. sp. tritici was cloned in my laboratory (BRUEGGEMAN et al. 2002). Initially, we
employed barley-rice synteny to saturate the region with markers and to delimit the
corresponding rice genomic region to 33 kb. However, sequencing and analysis of this region
failed to identify candidate genes suggesting that the barley genome had a large insertion at this
point that was not present in the syntenous rice region (HAN et al. 1999). Consequently, a
tedious chromosome walk was undertaken to develop a physical contig of the region. The
identity of the candidate gene was first identified by a cross-over within the gene and allele
sequencing (BRUEGGEMAN et al. 2002) and later by stable transformation (HORVATH et
al. 2003).

Barley-rice synteny was successfully used to clone the Ror2 gene (COLLINS et al.
2003). In this case the synteny between barley and rice was nearly perfect in the region of
interest and the authors were able to isolate a candidate gene with a relatively small mapping
population. The identity of the candidate gene was confirmed by demonstrating that the ror2-1
mutant line had a 31 aa in-frame deletion. Additional confirmation was obtained by transient
complementation of the ror2-1 mutation by the wild-type Ror2 genomic clone driven by the
native promoter in barley leaf epidermal cells (COLLINS et al. 2003).

Work in Progress

“Traditional” map-ba